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Element 


a- 
ab- 
abdomin 
-able 
ac- 
acou- 
ad- 
af- 
alb- 
-algia 
ambi- 
angi- 
ante- 
anti- 
aque- 
arch- 
arthr- 
-asis 
aud- 
auto- 
bi- 
bio- 
blast- 
brachi- 
brachy- 
brady- 
bucc- 
cac- 
calc- 
capit- 
carcin- 
cardi- 
cata- 
caud- 
cephal- 
cerebro- 
chol- 
chonar- 
chrom- 
-cide 
circum- 
co- 
coel- 
-coele 
con- 
contra- 
corn- 
corp- 
crypt- 
cyan- 
cyst- 
cyto- 
de- 
derm- 
di- 
dipl- 
dis- 
duct- 
dur- 


Definition and Example 


absent, deficient, lack of: atrophy 
off, away from: abduct 

relating to the abdomen: abdominal 
capable of: viable 

toward, to: actin 

hear: acoustic 

toward, to: adduct 

movement toward a central point: afferent arlery 
white: corpus albicans 

Pain: neuralgia 

both. ambidextrous 

pertaining to the vessels: angiology 
before, in front of: antebrachium 
against: anticoagulant 

water: aqueous 

beginning, origin: archenteron 
joint: arthritis 

condition or state of: homeostasis 
hearing, sound: auditory 

self: autolysis 

two: bipedal 

lite: biopsy 

generative or germ bud: blastocyst 
arm: brachialis 

short: brachydont 

slow: bradycardia 

cheek: buccal cavity 

bad, ill: cachexia 

stone: calculus 

head: capitis 

cancer: carcinogenic 

heart: cardiac 

lower, under, against: catabolism 
tail: cauda equina 

head: cephalic 

brain: cerebrospinal fluid 

bile: cholic 

cartilage: chondrocyte 

color: chromocyte 

destroy: germicide 

around: circumduct 

together: copulation 

hollow cavity: coelom 

swelling, an enlarged space or cavity: blastocoele 
with, together. congenital 
against, opposite: contraception 
denoting hardness: cornified 
body: corpus 

hidden: cryptorchidism 

blue: cyanosis 

sac or bladder: cystoscope 

cell: cytology 

down, from: descent 

skin: dermatology 

two: diarthrotic 

double: diploid 

apan, away from: disarticulate 
lead, conduct: ductus deferens 
hard: dura mater 

bad, difficult, painful’ dysentery 
oul, from. eccrine 

outside, outer, external: ectoderm 


Element 


-ectomy 
ede- 
-emia 
en- 
enter- 
ept- 
erythro- 
@x- 
exo- 
extra- 
fasci- 
febr- 
-ferent 
fiss- 
for- 
-form 
gastro- 
-gen 
-genic 
gloss- 
glyco- 
-gram 
gran- 
-graph 
gravi- 
gyn- 
haplo- 
hem(at)- 
hemi- 
hepat- 
hetero- 
histo- 
holo- 
homo- 
hydro- 
hyper- 
hypo- 
-ia 
-latrics 
idio- 
ilio- 
infra- 
inter- 
intra- 
-ion 
-ism 
iso- 
-ilis 
labi- 
lacri- 
later- 
leuk- 
lip- 
-logy 
-lysis 
macro- 
mal- 
medi- 
mega: 
meso- 
meta- 
micro- 


Definition and Example 


surgical removal: tonsillectomy 
swelling: edema 

pertaining to a condition of the blood: lipemia 
within: endoderm 

intestine: ententis 

upon, over: epidermis 

red: erythrocyte 

out of: excise 

outside: exocrine 

outside of, beyond, in addition: extracellular 
band: fascia 

fever: febrile 

bear, carry: efferent 

split: fissure 

opening: foramen 

shape: fusiform 

relating to the stomach: gastrointestina! 
an agent that produces or originates: pathoger 
produced trom, producing: carcinogenic 
tongue: glossopharyngeal 

sugar. glycosuria 

a record, recording: electroencephalogram 
grain, particle: granulosa cells 
instrument for recording: electrocardiograph 
heavy: gravid 

female sex: gynecology 

simple or single: haploid 

blood: hematology 

half: hemiplagia 

liver: hepatic portal 

other, different: heterosexual 

web, tissue: histology 

whole, entire: holocrine 

same, alike: homologous 

water: hydrocoel 

beyond, above, excessive: hypertension 
under, below: hypoglycemia 

abnormal state or condition: hypoglycemia 
medical specialties: pediatrics 

self, separate, distinct: idiopathic 

ilium: iliosacral 

beneath: infraspinatus 
among, between: interosseous 
inside, within: intracellular 
Process: acromion 
condition or state: dimorphism 
equal, like: isotonic 
inflammation: meningitis 
lip: labium majus 
tears: lacrimal apparatus 
side: lateral 
white: leukocyte 
fat: lipid 
science ol: morphology 
solution, dissolve: hemolysis 
large, great: macrophage 
bad, abnormal, disorder. malignant 
middle medial 
great, large. megakaryocyte 
middle or moderale: mesoderm 
after, beyond: metatarsal 
small: microtome 
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Element 


mito- 
mono- 
morph- 
multi- 
myo- 
narc- 
necro- 
neo- 
nephr- 
neuro- 
noto- 
ob- 


or- 
orchi- 
ortho- 
-Ory 
-0se 
osteo- 
oto- 
ovo- 
Ppar- 
para- 
path- 
-pathy 
ped- 
pen- 
-penia 
per- 
peri- 
phag- 
-phil 
phieb- 
-phobia 
-plasty 
platy- 
-plegia 
-pnea 
pneumo(n)- 
pod- 
-polesis 
poly- 
post- 
pre- 
pro- 


Definition and Example 


thread: mitochondrion 

alone, one, single: monocyte 
form, shape: morphology 

many, much: multinuclear 
muscle: myology 

numbness, stupor: narcotic 
corpse, dead: necrosis 

new, young: neonatal 

kidney: nephritis 

nerve: neurolemma 

back: notochord 

against, toward, in front of: obturator 
against: occlusion 

resembling, likeness: sigmoid 
few, small: oligodendrocyte 
tumor: lymphoma 

egg: oocyte 

mouth: oral 

testis: orchiectomy 

Straight, normal: orthopnea 
pertaining to: sensory 

full of: adipose 

bone: osteoblast 

ear: ofolith 

egg: ovum 

give birth to, bear: parturition 
near, beyond, beside: paranasal 
disease, that which undergoes sickness: pathology 
abnormality, disease: neuropathy 
children: pediatrician 

need, lack: penicillin 

deficiency: thrombocytopenia 
through: percutaneous 

Near, around: pericardium 

to eat: phagocyte 

have an affinity for: neutrophil 
vein: phlebitis 

abnormal fear, dread: hydrophobia 
reconstruction of: rhinoplasty 
flat, side. platysma 

stroke, paralysis: paraplegia 

to breathe: apnea 

lung: pneumonia 

foot: podiatry 

formation of: hemopoiesis 

many, much: polyploid 

after, behind: postnatal 

before in time or place: prenatal 
before in time or place: prophase 


Element 


proct- 
pseudo- 
psycho- 
pyo- 
quad- 
re- 

rect- 
ren- 
rete- 
retro- 
thin- 
-rrhagia 
-rhea 
sanguin- 
sarc- 
-scope 
-sect 
semi- 
“SIS 
steno- 
-stomy 
sub- 
Super- 
supra- 
syn- (sym-) 
tachy- 
tele- 
tens- 
tetra- 
therm- 
thorac- 
thrombo- 
-lomy 
tox- 
tract- 
trans- 
tri- 
trich- 
-trophy 
-tropic 
ultra- 
uni- 
-uria 
uro- 
vas- 
viscer- 
vit- 

Zoo- 
zygo- 


Definition and Example 


anus: proctology 

false. pseudostratined 

mental: psychology 

pus. pyorrhea 

fourfold: quadriceps femoris 

back, again: repolanzation 

Straight: rectus abdominis 

kidney: renal 

network: rele fests 

backward, behind: retroperitoneal 
nose: rhinitis 

excessive flow. menorrhagia 

flow or discharge’ diarrhea 

blood: sanguineous 

flesh: sarcoma 

instrument for examining a part: stethoscope 
cut: dissect 

half: semilunar 

process or action: dialysis 

Narrow’ stenosis 

surgical opening. tracheostomy 
under, beneath, below: subcutaneous 
above, beyond, upper: superficial 
above, over: suprarenal 

together, joined, with: synapse 

swift, rapid. tachycardia 

far: telencephalon 

stretch: tensor tympani 

four: tetrad 

heat: thermogram 

chest. thoracic cavity 

lump, clot: thrombocyte 

cut: appendectomy 

poison: foxemia 

draw, drag: traction 

across, over: transfuse 

three: trigone 

hair: trichology 

a state relating to nutrition: hypertrophy 
turning toward, changing: gonadotropic 
beyond, excess: ultrasonic 

one. unicellular 

urine: polyuria 

urine, urinary organs or tract: uroscope 
vessel: vasoconstriction 

organ: visceral 

life: vitamin 

animal: zoology 

union, join: zygote 
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While the fourth edition of Concepts of Human 3 j 
Anatomy and Physiology has isten ona fresh, What 5 New, Revised, 

new look and has changed in other significant or Improved 

ways, we have made every effort to retain those Followers of previous editions will quickly note 
features of previous editions that have contributed the major physical improvements in the fourth edi 


to the great popularity of this text over the years. tion. These include larger headings and text type 
Of major importance, the fourth edition is Consis- exciting new design elements, and other new tea- 
tent with previous editions in its focus on unify- tures. We have revised the narrative, and in some 
ing concepts as a means of integrating factual — cases reorganized chapters, in accordance with 
information. Just as important, a clear and inter- the helpful suggestions of reviewers and users. We 


esting narrative, carefully rendered and attractive have also added new material in light of recent 
illustrations, and numerous pedagogical devices scientific findings, taking care to connect new de- 
continue to be central in enabling students to as- —— yelopments to basic principles. Listed below are 
similate a large body of information and to place some of the major fourth-edition changes 
what they have learned in a meaningful context. 
As in previous editions, the material is orga- 
nized so that instructors may tailor required text 
readings to their individual course needs. Because 
the text is designed for students who do not have 
extensive science backgrounds but who plan to 
enter health or other careers that require consid- 
erable knowledge of anatomy and physiology, the 
chapters in the opening unit present 
basic chemical, cellular, biological, 
and anatomical concepts. The chap- 
ters in the remaining four units then 
take a detailed approach to the 
anatomy and physiology of organs and 
systems. Throughout the text, we con- 
tinue to promote the view of anatomy 
and physiology as dynamic sciences 
that serve as foundations for the health 


1. New and Revised Illustrations An already 
outstanding illustration program has been 
greatly improved in this edition, which 
features many new full-color illustrations. In 
addition, a large number of the illustrations 
used in previous editions have been 
substantially revised. 


professions. 

Having said this, we have no 
doubt that the fourth edition is the 
strongest by tar. We are confident that 
it can be of immense value in helping 
students achieve learning objectives, 
in fostering in them a love of and re- 
spect for the science of human 
anatomy and physiology, and in per- 
suading them to continue in the field 


FIGURE 253 
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In certain places, color coding has been 
introduced as a technique to aid learning. For 
example, the bones of the skull in chapter 9 are 
color coded so that each bone can be readily 
identified in the many renderings included in 
this chapter. 

Developmental Expositions These features, 
entitled “Under Development” appear at the 
end of most systems chapters. Each discussion 
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morphogenic events involved in the 
development of a body system. Placement at paw 
the end of a chapter ensures that the / 
terminology needed to understand the 


embryonic structures has been introduced. { . 

In afew chapters, an Under Development \ eee 
: : : oo 
feature follows the relevant discussion of a 


specific body part or region; this occurs, for 


example, in sections on the skull, brain and prayed ame “i 
spinal cord, ear and eye, and pituitary gland. aga 
3. Interrelationship Charts New to this edition is a 
feature entitled Nexus. The Nexus page, which — 
appears toward the end in each of the systems Prarrrgee rout 
chapters, ties the functional aspects of one body 
FIGURE! 


system to each of the other systems, underscoring 
the concept of homeostasis. The gear-mechanism 
background art is symbolic of the body as a 
machine, in which all parts are interdependent in 
Maintaining normal functioning. 
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4. Topicicons Throughout the text, short 
commentaries on clinical applications, 
development, and exercise physiology are J 
set off in a distinct typeface and highlighted 
by the icons at right. 

5. New Content A great deal of new 
information has been incorporated into this 
edition. The roles of nitric oxide as a 
regulatory molecule, the significance of 
NMDA receptors, and the requirements for 
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Interactions of the Skeletal System 


with Other Body Systems 
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T cell interactions are just a few examples 

of the new topics covered 

Improved Flow of Information Learning Objectives 
now appear at the beginning of each chapter so as not 
to interrupt the narrative. For the same reason, we have 
chosen to delete the Review Activities after each major 
section and to include the Clinical Iny estigations in the 
Instructor's Manual, where they can be easily 
duplicated and distributed to the class. 

Expanded Summaries All of the end-of-c hapter 
summaries have been reworked to reflect the text 
Changes. These summaries are also more 
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comprehensive, and they now include page references 
to the major sections. 


Downloaded from Durr-e-Danish Library 


8. A More Personal Approach It has been our 
experience that beginning students in anatomy and 
physiology are often intimidated by a very formal, 
academic writing style. In this edition, the language 
has been relaxed to engage the reader and make 
learning More enjoyable. Simple analogies are 
frequently used to promote understanding of concepts. 
The level of difficulty has been caretully controlled, 
recognizing the wide variation in motivation and 
background that typifies a broad spectrum of students. 


Learning Aids: A Guide to the Student 


The pedagogical devices in this text are designed to help you 
learn anatomy and physiology. Don’t just read this text as 
you would a novel. Interact with it, using the pedagogical 
devices as tools. The more you use these tools, the more ef- 
fective and enjoyable your study will become. 


Chapter Introductions 


The opening page of each chapter contains an overview of 
the contents of the chapter in outline form. Page numbers 
are indicated to guide you to the major sections. Learning 
objectives are also included, and should be checked both 
before and after studying each section of a chapter. 


Concept Statements 


One of the unique attributes of this text is the way in which 
major sections are introduced. Each of these sections is pref- 
aced by a concept statement—a succinct expression of the 
main idea, or organizing theme, of the information presented 
in the section. These concept statements will help you gain an 
overview before encountering the details. 


Terminology Aids 


Where each technical term first appears in the narrative, it 
is set off by boldface or italic type and is often followed by a 
phonetic pronunciation in parentheses. Pause in your read- 
ings to learn the correct pronunciation of a term so that you 
will be better able to remember it. The phonetic spellings in 
this edition have been revised, making them easier than ever 


to interpret. 


Word Derivations 

The derivations of some of the terms in the text are provided 
in footnotes at the bottom of the page on which the term is in- 
troduced, Don’t skip over these footnotes; they are often in- 
teresting in themselves. Furthermore, if you know how a word 
was derived, it becomes more meaningful and is easier to re- 
member. You can identify the roots of each term by referring 
to the glossary of prefixes and suffixes on the inside front 


cover of the text. 


Topical Commentaries 

Set off from the teat narrative are short paragraphs highlighted 
by icons that discuss topics of practical value. You will tind 
it enjoyable, as well as instructive, lo see how your newly 
acquired basic science knowledge is applied in real-world 
Situations, 
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Illustrations and Tables 


This text contains abundant tables and illustrations to sup- 
port the concepts presented. Carefully studying the tables 
will enhance your understanding of the text. The summary 
tables will help you review for examinaticys. Although many 
of the figures can be admired for their beauty alone, it should 
be remembered that they were created for one primary pur- 
pose—to illustrate concepts presented in the text Therefore, 
refer to the figures and analyze them as you read. Lach one 
has been placed as close as possible to its text reference to 
spare you from flipping through pages. 


ei0 The navel s om tne amtencr side of the boy 
i \dorsaly ‘The tudneys ate poster.or to Ine mntestine: 

Medial The heart 4 mesa! 10 1Re unge 
tal Toward the tide of the boty ‘The ears are on the Lateral ses of the Read 
- Internal deep) Away trom the suttace of tne body ‘The Braen is mmtermal to Mme cranium 
External (seperticial) Toward the surtace of th body The shits ot enterna’ to INP Pruscies 
Pronmat Toward ine man mars of the boty The anges prema to the fect 
- piss Away trom the mam mays of the body The Rand 15 desta’ to the elDow 
| Vincerat Recatng to witerna: organs The (ung art Covered by a iten membrane comes the ceri! Diners 
| Parra Retated to the Body wails The ponetal plruia os the Ride wring of the INaracic Caw 


Following chapter 13 is a set of reference plates, in- 
cluding photographs of human cadaver dissections and sev- 
eral full-page newly rendered illustrations of the male and 
female trunk. 


Chapter Summaries 


At the end of each chapter the material is summarized for 
you in outline form, following the sequence of the text nar- 
rative. Review each summary after studying the chapter to 
be sure that you have not missed any points. In addition, use 
the chapter summaries in preparing for examinations. 


Review Activities 


A series of objective and essay questions follows each chap- 
ter summary. Answering these questions will provide you 
with feedback as to the depth of your learning and under- 
standing. The answers to the objective questions are provided 
in Appendix A. 


Glossary 


The glossary of terms at the end of the text is particularly note- 
worthy for its Comprehensiveness. The definitions for almost 
all of the terms are accompanied by pronunciation keys, and 


Contents 


Contents 


synonyms are indicated as appropriate. The 
majority of the terms in the glossary are ac- 
companied by a page number indicating 
where the term is discussed in the text marra- 
tive. (Adjectival terms and general terms are 
not page referenced.) This usetul feature is new 
to this edition. Look to the glossary as you re- 
view to check your understanding of the tech- 
nical terminology. 


Software Icon 


This fourth edition introduces two new and 
exciting learning tools for the student. 


as At the end of most chapters, a CD-ROM 
icon and a statement will appear that lists a 
module of the Explorations sottware that is ap- 
propriate for the chapter. The Explorations 
CD-ROM is available from Wm. C. Brown 
Publishers. 


MD A cet of five videotapes, entitled WCB 
Life Science Animations (LSA), contains over 
50 animations of physiological processes in- 
tegral to the study of anatomy and physiology. 
A videotape icon appears in appropriate fig- 
ure legends to alert the reader of these anima- 
tions, as shown in figure 3.1. 


Life Science Animations (LSA) 


Figure 2.5 


LSA 1 

Figure 3.1 Generalized cell 
LSA 2 

Figure 3.4 Stages of endocytosis 
LSA 3 

Figure 3.19 RNA synthesis 

LSA 16 

Figure 3.21 Genetic code 

LSA 17 

Figure 3.23. Translation of MRNA 
LSA 17 

Figure 3.25 Golgi apparatus 

LSA 4 

Figure 3.26 Replication of DNA 
LSA 15 
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Dissociation of sodium and chlorine 


Golg: apparatus 


Nuclear envelope 


Secretion 


Mitochondnon 


Lysosome 


Chromatin 


Cell membrane 


Microtubule 


Rough 
endoplasmic 
reticulum 


Cytoplasm 


Smooth 
endoplasmic 
reviculum 


Ribosome 


(0 FIGURE 3.1 


A generalized cell and the principal organelles. 


Figure 3.30 Stages of mitosis 

LSA 12 

Figure 3.32 Meiosis 

LSA 13 

Figure 3.33 Genetic variation 

LSA 14 

Figure 4.13 Exergonic and endergonic reactions 
LSA 1] 

Figure 4.15 ATP 

LSA 11 

Figure 4.18 Glycolysis 

LSA 5 

Figure 4.23 Krebs cycle 

LSA 6 

Figure 4.24 — Electron transport and oxidative 
LSA 7 phosphorylation 


Supplementary Materials 5. The following slide sets accompany the textbook and 

are free to adopters: 

a. one hundred histology slide. showing basic tissue 
types representative of all of the human body 


The supplementary materials that accompany the text are de- 
signed to help students in their learning activities and to guide 
instructors in planning course work and presentations. Fol- 


: dra 3 CI : systems; 
lowing are briet descriptions ot these supplements. b. nen clinical application slides, depicting 
i aries Manual written by Stuart |. Fox and Kent important pathological conditions; and 
. Van Ve Graalt to accompany the fourth edition of c. twenty-five radiographic slides. 

Concepts of Human Anatomy and Physiology requires Descriptions of these slides are included in the 
that students read the text for relevant background Instructor’s Manual. 
information before attempting the laboratory exercises. 6. Aset of 200 acetate transparencies is available to 
It helps students gain the laboratory experience instructors who adopt this text. The transparencies 
required to support the lecture portion of the course were made from text illustrations chosen for their value 
and includes exercises that have been repeatedly in reinforcing lecture presentations. 
classroom tested. 7. All of the illustrations from the transparency set are 

2. The Instructor's Manual for the Laboratory Manual collected in a Student Study Art Notebook available to 
provides the answers to the questions that appear in the students. With this notebook at their desk, students no 
laboratory reports in the Laboratory Manual. longer have to worry about whether they will be able 

3. A Student Study Guide written by Kent M. Van De to see leader lines and labels in a large lecture hall. 
Graaff to accompany the fourth edition of Concepts of They can make notes right on the illustrations. Also 
Human Anatomy and Physiology features the concept available is the Pictorial Review Notebook, which 2 
statements from the text, focus questions, mastery contains the same illustrations without the labels. & 
quizzes, study activities, and answer keys with 8. Knowledge Map of the Human Anatomy Systems 5 
explanations. prepared by Craig Gundy is a computer tutorial 2 

4. An Instructor’s Manual and Test Item File prepared by developed for the Macintosh. The computer disk set 
Jeffrey and Karianne Prince provides instructional (13 diskettes) provides an anatomical review of all of 
support in the use of the textbook. It also contains a the body systems. A disk icon appears at the end of 
test item file with approximately 70 items for each many chapters that contain material applicable to this 
chapter to aid instructors in constructing examinations. software. 


Figure 20.5 Agglutination of red blood cells Figure 26.44 Fatty acids and monoglycerides 

LSA 40 LSA 36 

Figure 21.4 Coronary circulation Figure 28.14 Spermatids and spermatozoa 

LSA 37 LSA 19 

Figure 21.13 Conduction of electrical impulses in the Figure 28.15 Endocrine control of spermatogenesis 
LSA 38 heart LSA 19 

Figure 21.40 Tetralogy of Fallot Figure 29.9 Primary oocyte at metaphase | and meiosis 
LSA 39 LSA 20 

Figure 23.12 Antibodies Figure 30.18 Primitive line and primitive node 
LSA 42 LSA 21 

Figure 23.18 Antibody production in primary and Figure 30.19 Four-week-old embryos 

LSA 41 secondary responses LSA 21 

Figure 23.21 Band T lymphocytes Figure 30.20 Five-week-old embryos 

LSA 43, 44 LSA 21 

Figure 26.42 Pancreatic lipase Figure 30.21 Six-week-old embryos 

LSA 36 LSA 21 

Figure 26.43 Digestion of fat 


LSA 36 
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9. Study Cards tor Anatomy and Physiology prepared by 
Kent M. Van De Graatf, R. Ward Rhees, and 
Christopher H. Creek is a boxed set of 300 3-by-5-inch 
cards. It serves as a well-organized and illustrated 
synopsis of the structure and function of the human 
body. Clinical information is presented as it applies to 
specific body organs and systems or physiological 
processes. The Study Cards offer a quick and effective 
way for students to review human anatomy and 


10. 


11. 


13. 


14. 


U3. 


physiology. 


Microtest—a new computerized testing service for 
generating examinations and quizzes—is available to 


instructors who adopt the text. 


The WCB Anatomy & Physiology Video Series consists 


ot 


a. Human Skeletal Musculature System (90 min., color; 


ISBN 15210) 


b. Introduction to the Human Cadaver and Prosection 


(30 min., color; ISBN 11177) 


c. Introduction to Cat Dissection: Musculature (55 


min., color; ISBN 11630) 


d. Blood Cell Counting, Identification, & Grouping (30 


min., color; ISBN 11629) 


e. Internal Organs and the Circulatory System of the 


Cat (58 min., color; ISBN 13922) 


f. Review of the Human Skeletal System (51 min., 


color; ISBN 13243) 


These exceptional videotapes are available free to 


adopters. 


. Coloring Review Guide for Anatomy and Physiology 


prepared by Robert J. Stone and Judith A. Stone is a 
plastic comb-bound book emphasizing learning 
through the process of color association. The Coloring 
Guide provides a thorough review of anatomical and 


physiological concepts. (ISBN 17109) 


Atlas of the Skeletal Muscles prepared by Robert J. 
Stone and Judith A. Stone is a guide to the structure 
and function of human skeletal muscles. The 
illustrations help students locate muscles and 


understand their actions. (ISBN 10618) 


Case Histories in Human Physiology compiled by 
Donna Van Wynsberge and Gregory M. Colley, M.D., 
affords students opportunities for integrating their 


thinking 


available for instructors. (ISBN 11606) 


and for problem solving. An answer key is 


Laboratory Guide: Human Anatomy and Physiology 
with Clinical Applications—Cat Version written by 
Stuart |. Fox, Kent M. Van De Graatt, and Laurence G. 


Thouin, Jr., 


courses that use a body systems’ approach to te 


structure and function of the human body. 


is designed for anatomy and physiology 


ach 
(ISBN 05687) 
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Chapter One 


The aciences of Anatom 


and Physiology 


Anatomy and physiology are integrated, dynamic sciences with an 
exciting heritage. These sciences provide the foundation for personal 
health and clinical applications. 


Human anatomy and physiology are sciences concerned 
with the structure and function of the body. The term 
anatomy (a-nat’d-me) is derived from a Greek word mean- 
ing “to cut up”; in the past, the word anatomize was more 
commonly used than the word dissect. Dissection of human 
cadavers (kd-dav’erz) is the basis for understanding the struc- 
ture of the human body. Physiology (fiz “e-ol0-je) is derived 
from a Greek word meaning the study of nature—the 
nature of an organism is its function. Physiology attempts to 
explain how the body functions through physical and 
chemical processes. Much of the knowledge of physiology 
is gained through experimentation. 

Anatomy and physiology are both subdivisions of the 
science of biology, the study of living organisms. Frequently, 
anatomy and physiology are studied as separate disciplines, 
in which case the anatomy of the body is learned before its 
physiology. However, since anatomical structures are adapt- 
ed to perform specific functions, a proper understanding of 
structure and function is best achieved through an inte- 


grated study. 


Historical Development 


The study of human anatomy and physiology has had a rich, 
long, and frequently troubled heritage. Its history parallels 
that of medicine because interest in the structure and func- 
tion of the body frequently grew out of a desire to under- 
stand and treat body dysfunctions. 
Grecian Period = [Ir was in ancient Greece that anatomy 
and physiology first found wide acceptance as sciences. Hip- 
pocrates (460-337 B.c.) was a famous Greek physician who 
is regarded as the father of medicine (fig. 1.1). Perhaps the 
greatest contribution of Hippocrates was his attribution of 
disease to natural causes rather than co the displeasure of 
the gods. His application of logic and reason to medical 
study marked the beginning of observational medicine. 
The field of medicine at the time of Hippocrates held 
to the notion that an individual's health depended upon 
the balance of four body fluids, or humors. This so-called 


anatomy Gk. ana. up; fome, a cutting 
cadaver L cadere. to fall 
physiology Gk physis, nature, Jogos, study 
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FIGURE 1.1 

A fourteenth-century painting of the famous Greek physician 
Hippocrates. Hippocrates is referred to as the father of medicine; 
his creed is immortalized as the Hippocratic oath. 


humoral theory suggested that, if blood, bile, black bile, and 
phlegm were balanced, the person would be healthy and 
have an even disposition. If blood was the predominant 
humor, one was said to have a sanguine personality— 
courageous and passionate. If there was too much bile, one 
was choleric—anegry and mean. A melancholic personality— 
moody and depressed—resulted from an overproduction 
of black bile. Too much phlegm resulted in a phlegmatic 
personality—sluggish and apathetic. Although medicine 
has long since abandoned this explanation of health and 
personality, it is interesting that these terms are still used 
in our language. The term sanguine, however, has evolved to 
refer simply to the cheerfulness and optimism that accom- 
panied a sanguine personality, and no longer refers directly 
to the humoral theory. 

Aristotle (384-332 B.c.) made careful investigations of 
all kinds of animals, including humans, and pursued a limited 
type of scientific method in obtaining data (fig. 1.2). He 
wrote the first known account of embryology, in which he 


humor: L. humor, fluid 

sanguine: L. sanguis, bloody 

choler. Gk. chole, bile 

melancholic: Gk. melan, black: chole, bile 
phlegm: Gk. phlegm, inflammation 
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described the development of the 
heart in a chick embryo. His 
best-known zoological works 
are History of Animals, Parts 
of Animals, and Genera- 
tion of Animals. 
Despite his tremen- 


dous accomplishments, 
Aristotle perpetuated 
some erroneous theo- 
ries regarding human 
anatomy. For example, 
he disagreed with 
Plato, who had de- 
scribed the brain as 
the seat of feeling and 
thought, and pro- 
claimed the heart to 
be the seat of intel- 
ligence. Aristotle 
thought that the 
function of the 
brain, which was 
bathed in fluid, 
Was to cool the 
blood that was 


pumped from the 


FIGURE 1.2 heart, and thus 
This Roman copy of a Greek sculpture is maintain body 
believed to be of Aristotle, the famous 

temperature. 


Greek philosopher. 
The Greek 


scientist Erasistra- 
tus (about 300 B.c.) was more interested in body functions 
than structure, and is therefore frequently referred to as the 
father of physiology. Erasistratus authored a book on the 
causes of diseases, in which he included observations on the 
heart, vessels, brain, and cranial nerves. He noted the toxic 
effects of snake venom on various visceral organs and 
described changes in the liver resulting from certain meta- 
bolic diseases. Although some of the writings of Erasistratus 
were scientifically accurate, others were based on primitive 
and mystical concepts. For instance, he thought that the 
cranial nerves carried animal spirits and that muscles con- 
tracted because of distention by spirits. 

Both Erasistratus and another Greek philosopher, 
Herophilus, (about 325 B.c.), were greatly criticized later in 
history for their use of vitisection (viv “T-sek ‘shun), the dis- 
section of living animals. Herophilus was described as a 
butcher who had dissected as many as 600 living human 
beings, some of them tn public demonstrations. 


vivisection L vivus, living, Sectus, to cut 
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Roman Era In many respects, the Roman Empire stifled 
scientific advancements and set the stage for the Dark Ages. 
The interest and emphasis of science shifted from the the- 
oretical to the practical under Roman rule. Few dissections 
of cadavers were performed other than at autopsies in 
attempts to determine the cause of death in criminal cases. 
Medicine was not preventive but was limited, almost with- 
out exception, to the treatment of soldiers injured in battle. 

Claudius Galen (a.b. 130-201) was the most famous 
Roman physician of his ime and the most influential writer 
to date on medical subjects. For nearly 1,500 years, the writ- 
ings of Galen represented the ultimate authority on anato- 
my and medical treatment. Galen probably dissected no 
more than two or three human cadavers during his career, of 
necessity limiting his anatomical descriptions to animal dis- 
sections. He compiled nearly 500 medical papers (of which 
83 have been preserved) from earlier works of others, as well 
as from his personal studies. Galen believed in the humors 
of the body and perpetuated this concept. He also gave 
authoritative explanations for nearly all body functions. 

Galen's works contain many errors, primarily because 
of his desire to draw definitive conclusions regarding human 
body functions on the basis of data obtained largely from 
nonhuman animals. He did, however, provide some astute 
and accurate anatomical details that are still regarded as 
classics. He proved to be an experimentalist, demonstrat- 
ing that the heart of a pig would continue to beat when the 
spinal nerve was transected so that nerve impulses could 
not reach the heart. He showed that the squealing of a pig 
stopped when the particular nerve that innervated its vocal 
cords was cut. He also proved that arteries contained blood 
rather than air. 


Middle Ages The Middle Ages (Dark Ages) came with 
the fall of the Roman Empire in a.p. 476 and lasted nearly 
1,000 years. Dissections of cadavers were totally prohibit- 
ed during this period, and molesting a corpse was a criminal 
act that was frequently punished by burning at the stake. If 
mysterious deaths occurred, examinations by inspection and 
palpation were allowed. During the plague epidemic in the 
sixth century, however, a few necropsies (nek ‘rop-séz) and 
dissections were performed in hopes of determining the 
cause of this dreaded disease. 


Renaissance The period known as the Renaissance was 
characterized by a rebirth of science. It lasted roughly from 
the fourteenth through the sixteenth century and was a peri- 
od of transition between the Middle Ages and the modern 
age of science. The development of movable type in about 
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autopsy: Gk. aufopsia, seeing with one’s own eyes 
necropsy Gk. nekros, corpse, opsy, view 


Introduction to Anatomy and Physiology 


Chapter One 


1450 revolutionized the production of 
printed books and helped to usher in 
the Renaissance. 

The major advancements in anato- 
my that occurred during the Renaissance 
were in large part due to the artistic and 
scientific ability of Andreas Vesalius 
(1514-64). By the time he was 28 years 
old, Vesalius had completed the master- 
piece of his life, De Humani Corporis Fab- 
rica, in which he beautifully illustrated 
and described the various body systems 
and individual organs (fig. 1.3). Because 
of the eventual impact of this book, 
Vesalius is often called the father of 
anatomy. His book was especially impor- 
tant because it boldly challenged Galen's 
erroneous teachings. Vesalius wrote of 
his surprise upon finding numerous 
anatomical errors that were being taught 
as fact, and he refused to accept Galen's 
explanations on faith. Bitter controver- 
sies ensued between Vesalius and the 
traditional Galenic anatomists, includ- 
ing Vesalius’s former teacher, Sylvius. Vesalius became so 
unnerved by the relentless attacks on him that he destroyed 
much of his unpublished work and ceased his dissections. 


Seventeenth and Eighteenth Centuries Two of the most 
significant contributions to anatomy and physiology of the 
seventeenth and eighteenth centuries were the explana- 
tion of blood flow and the development and use of the 
microscope. 

In 1628, the English physician William Harvey 
(1578-1657) published his pioneering work On the Move- 
ment of the Heart and Blood in Animals. Not only did this 
brilliant research establish proof of the continuous circula- 
tion of blood within vessels, it also provided a classic exam- 
ple of the scientific method of investigation (fig. 1.4). 
Harvey is widely regarded as the father of modern physiol- 
ogy, although like Vesalius, he was severely criticized in his 
time for his departure from Galenic philosophy. The con- 
troversy over the circulation of the blood raged for 20 years 
until other anatomists finally repeated Harvey's experiments 
and confirmed his observations. 

Antoni van Leeuwenhoek (1632-1723) was a Dutch lens 
grinder who so improved the microscope that he achieved a 
magnification of 270 times. His many contributions includ- 
ed developing techniques tor examining Cssues and describ- 
ing blood cells, spermatozoa, and the striated appearance 
of skeletal muscle. 

The development of the microscope added an entire- 
ly new dimension to anatomy and physiology and eventually 
led to explanations of basic body functions. In addition, the 


FIGURE 1.3 

Plates from De Humani Corporis Fabrica, which Vesalius 
completed at the age of 28. This book, published in 1543, 
revolutionized anatomy and physiology. 


FIGURE 1.4 


he 


In the early seventeenth century. the 


English phy 


rsician William 
Harvey demonstrated that blood circulates and does not flow 


back and forth through the same vessels 
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improved microscope was invaluable for understanding the 
etiologies (causes) of diseases, and thus for discovering cures 
for many of them. 


Nineteenth and Twentieth Centuries = The major contri- 
bution in the nineteenth century was the formulation of 
the biological principle known as the cell theory and the 
implications it had for a clearer understanding of the struc- 
ture and functioning of the body. According to the cell the- 
ory, all living organisms are composed of cells and the 
products of cells. 
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study of body structure 
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Histology 
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Developmental 
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study of prenatal 
development 
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Comparative A 
Radiology 
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study of anatomy of function of organs study of physiology 


within the living 


Johannes Miuiller (1801-58), a German physiologist and 
comparative anatomist, ts noted for applying the sciences 
of physics, chemistry, and psychology to the study of the 
human body. Claude Bernard (1813-78), a French physiol- 
ogist, extended the experimental study of physiology, and 
is often regarded as the father of expertunental medicine. 
The study of anatomy and physiology during the twentieth 
century has become highly specialized, and the research 
more detailed and complex. In response to the increased 
technology and depths of understanding, new disciplines 
and specialties have emerged (fig. 1.5). The explosive 
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neurophysiology) 


Immunology 
study of body's 
defense mechanisms 


Medical Physiology 
study of 


physiological 
dysfunctions and 
body diseases 


function 


Pharmacology 
study of drug action 
in the body 


Comparative 


of humans in relation 
to that of other 


to that of other body 
animals animals 
Pathology 
study of diseased 
lissues 


FIGURE 1.5 


Some of the subdivisic 


human anatomy and physiclogy 


or specialties, of 
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growth of knowledge in these specialties in recent times has 
made it nearly impossible for any one individual to remain 
expert in them all. 

As may be implied from figure 1.5, anatomy and phys- 
iology are dynamic, applied sciences that are constantly 
changing as new discoveries are made. Keeping up with the 
changes requires a solid and broad understanding of these 
sciences, hence, an objective of this text is to provide such 
a foundation for the student. An excellent way to keep up 
with anatomy and physiology after you complete the for- 
mal course is to read scientific magazines like Science, Sci- 
entific American, Discover, and Science News. If you are to 
be an educated contributor to society, it is essential to 
become and stay informed. 


Scientific Method 


Researchers in anatomy and physiology employ the process- 
es of scientific inquiry in conducting their investigations 
and making discoveries. Although the boundaries of scien- 
tific investigations leave room for considerable creativity, 
they progress in well-defined, orderly ways. Such a disci- 
plined approach to gaining information (facts) about the 
world is referred to as the scientific method. Simply stat- 
ed, the scientific method depends on a systematic search 
for information and a continual checking and rechecking 
to see whether previous ideas still hold up in the light of 
new information. Actually, the scientific method may be 
used in seeking answers to questions encountered in every- 
day life, as well as in methodical research. 

All of the information presented in this text has been 
gained through the application of the scientific method. 
Although many different techniques are involved, all share 
three attributes: (1) confidence that natural phenomena 
are ultimately explainable in terms we can understand; 
(2) descriptions and explanations of the natural world that 
are honestly based on observations and that are subject to 
as a result of other observations; 


modification or refutation 
act that 


and (3) humility, or the willingness to accept the f. 
f further study should yield conclusions 
the idea would have to 
nufic method is 


we could be wrong. I 
that refuted all or part of an idea, 
he modified accordingly. In short, the scie 
based on a confidence in our rational ability, honesty, and 
humility. Practicing scientists may Not always display these 
attributes, but the validity of the large body of scientific 
knowledge that has been accumulated—as evidenced by 
technological applications and the predictive value of sci- 
entific hypotheses—are ample testimony to the fact that 
the sctentific method works. 

The scientific method involves specific steps. In the 
first step, a hypothesis 1s formulated. In order for this 
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hypothesis to be scientific, it must be testable; that is, it must 
be open to possible refutation by experiments or other obser- 
vations of the natural world. For example, one might hypoth- 
esize that people who exercise regularly have a lower resting 
pulse rate than people who don’t. Experiments are conduct- 
ed, or other observations are made, and the results are ana- 
lyzed. Conclusions are then drawn as to the validity of the 
hypothesis. If the hypothesis survives such testing, it might 
be incorporated into a more general theory. Scientific the- 
ories are statements about the natural world that incorpo- 
rate a number of proven hypotheses. They serve as a logical 
framework by which these hypotheses can be interrelated 
and provide the basis for predictions that may as yet be 
untested. 

The hypothesis in the preceding example is scientific 
because it can be tested. The pulse rates of 100 athletes and 
100 sedentary people can be measured to see whether there 
are statistically significant differences. If there are, the state- 
ment that athleres, on the average, have lower resting pulse 
rates than sedentary people is justified based on this data. But 
one must still keep in mind that this conclusion could be 
wrong. Before the discovery could become generally accept- 
ed as fact, other scientists would have to consistently replicate 
the results. Scientific theories are based on reproducible data. 

It is quite possible that in attempting to replicate the 
experiment, other scientists will obtain slightly different 
results. They may, for example, construct scientific hypothe- 
ses that the differences in resting pulse rate also depend on 
such factors as the nature of the exercise performed, or on 
other variables. When scientists attempt to test these 
hypotheses, they will likely encounter new problems, requir- 
ing new hypotheses, which then must be rested by additional 
experiments. 

In this way, a large body of highly specialized informa- 
tion is gradually accumulated and a more generalized expla- 
nation (a scientific theory) can be formulated. This 
explanation will almost always be different from precon- 
ceived notions. People who follow the scientific method will 
then appropriately modify their concepts, realizing that their 
new ideas will probably have to be changed again in the 
future as additional experiments are performed. 


Classification and Gharacteristics 


of Humans 


Humans are biological organisms belonging to the phylum Chordata 
within the kmgdom Animalia and to the family Hommidae within the 
class Mammalia and the order Primates. 


— is i vorsai notow -—«GHONOMIE Scheme 


The classification, or taxonomic, scheme has been estab- 


lished by biologists to organize the structural and evolu- 
tionary relationships of living organisms. Each category of 
classification is referred to as a taxon. The highest taxon ts 
the kingdom, and the most specific taxon is the species. 
Humans are species belonging to the animal kingdom. Phy- 
logeny (fi-loj “-ne) is the evolutionary development and his- 
tory of species or higher taxa of organisms. A phylogenetic 
tree of animal taxa can be constructed, much like a family 
tree, to show the geneology and relationships of different 
Pharynx animal groups. 

Humans also belong to the phylum Chordata (fi’lum 
kor-da-ta) and subphylum vertebrata, along with fish, 
amphibians, reptiles, birds, and other mammals. All chor- 
dates have three structures in common: a notochord (no'td- 
kord”), a dorsal hollow nerve cord, and pharyngeal 
(fa-rin‘je-al) pouches (fig. 1.6). These chordate character- 
istics are well expressed during the embryonic stage of devel- 
opment, and to a certain extent are present in an adult. The 
notochord is a flexible rod of tissue that extends along the 
back of an embryo. A portion of the notochord persists in 
the adult as the nucleus pulposus, which is the gelatinous 
center within each intervertebral disc (fig. 1.7). The dor- 
sal hollow nerve cord is positioned above the notochord 
and develops into the brain and spinal cord. Pharyngeal 
pouches form gill openings in fish and some amphibians. In 
other chordates, such as humans, embryonic pharyngeal 
pouches develop, but only one of the pouches persists, 
becoming the auditory canal (or eustachian tube), a con- 
nection between the middle-ear cavity and pharynx 

(far’ingks), or throat area. 
Humans are in the 
class mammalia. Mammals 
Nucleus pulposus are vertebrates that possess 
hair and mammary glands. 
Hair is a protective cover- 
ing for most mammals, and 
mammary glands serve for 
suckling the young. Other 


| characteristics of mammals 
J include three small auditory 

ossicles (ear bones), a fleshy 

outer ear, (auricle), het- 


erodont dentition (teeth, 


FIGURE 1.6 


A schematic diagram of a chordate embryo. The three diagnostic 
chordate characteristics are indicated in bold type. 


Introduction to Anatomy and Physiology 


Intervertebral discs 


Intervertebral disc 

such as incisors and molars, 

that are shaped differently), 

a temporomandibular joint 

_ Vertebral (a joint between the lower 

column 
FIGURE 1.7 i eae ara tala 
A lateral view of the vertebral column showing the intervertebral discs and, to the right, a heterodont: Gk. heferos, other; odontos, 
tooth 


superior view of an intervertebral disc showing the nucleus pulposus 
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jaw and skull), usually seven cervical vertebrae, an attached 
placenta, well-developed facial muscles, a muscular 
diaphragm, and a four-chambered heart with a left aortic 
arch. 

Humans are in the order primates, along with mon- 
keys and apes. Members of this order have prehensile hands 
(with the digits modified for grasping) and relatively large, 
well-developed brains. 

Humans are the sole living members of the family 
Hominidae. Homo sapiens 1s included within this family, to 
which all ethnic groups of humans belong. The taxonomic 
classification of humans 1s presented in table 1.1. 


Auman Characteristics 


have a few anatomical characteristics that 


Human beings 
are diagnostic in separating them 


are so specialized that they 
animals and even from other closely related 


characteristics that are equal- 
bur when these tunc- 


from other 
mammals. Humans also have 
ly well developed in other animals, 
tion with the human brain, they provide remarkable 
capabilities. The anatomical char 


include the following: 


acteristics of humans 


l A large, well-developed brain. The average human brain 
weighs between 1,350 and 1,400 grams (about 3 pounds). This 


gives humans a large brain-to-body-weight ratio, But more 


Primates L primas, first 
prehensile L prehensus to grasp 


important is the development of portions of the brain. Certain 
extremely specialized regions and structures within the brain 
account for emotion, thought, reasoning, memory, and precise, 


coordinated movement. 


2 Bipedal locomotion. Because humans stand and walk on two 
appendages, their style of lacomotion is said to be bipedal. Upright 
posture imposes certain other diagnostic structural features such 
as the sigmoid (S-shaped) curvature of the spine, the anatomy of 


the hip and thighs, and arched feet. 


3 An opposable thumb. The human thumb joint is structurally 
adapted for great versatility in grasping objects. Most primates 
have opposable thumbs. 


4 Well-developed vocal structures. Humans, like no other 
animals, have developed articulated speech. The anatomical 
structure of the vocal organs and the well-developed brain have 


made this possible. 


5 Stereoscopic vision. Although this characteristic is well 
developed in several other animals, it is also keen in humans. 
Human eyes are directed forward so that when focused upon an 
object, it is viewed from two angles. Stereoscopic vision gives us 


depth perception, or a three-dimensional image. 


Humans also differ from other animals in the number 
and arrangement of vertebrae (vertebral formula), the kinds 
and number of teeth (tooth formula), the degree of devel- 
opment of facial muscles (allowing for a wide range of facial 
expression), and certain distinguishing features of various 
body organs. 


There are different levels of structure and function in the human 
body, with each level contributing to the total organism 


Cellular Level 


The cell is the basic structural and functional component of 
life. Humans are multicellular organisms composed of 60 to 
100 trillion cells. It is at the cellular level (fig. 1.8) that 
such vital functions of life as metabolism, growth, irritabil- 
ity (the ability to respond to stimuli), repair, and reproduc- 
tion are carried on. All cells contain a semifluid substance 
called protoplasm (pro‘to-plaz’em). Certain protoplasmic 
structures and molecules are arranged into small functional 
units called organelles (or “gi-nelz). Each organelle carries 
outa specific function within the cell. 


Cee vcccccccccceneecenesccssccececese 
bipedal’ L bi, two, pedis, tool 

cell L. cella, small room 

protoplasm Gk. protos. first, plassein, to mold 
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FIGURE 1.8 


Levels of structural organization and complexity within the 
human body. 


The body contains many distinct kinds of cells, each 
specialized to perform specific functions. Examples of 
specialized cells are bone cells, muscle cells, fat cells, blood 
cells, and nerve cells. Each of these cell types has a unique 
structure directly related to its function. 


issue and Organ Levels 


Tissues are layers or aggregations of similar cells that per- 
form specific functions. The entire body is composed of only 
four primary tissue types: epithelial tissues, connective tis- 
sues, muscular tissues, and nervous tissues (chapter 6). The 
outer layer of skin, for example, is a tissue (epithelium) 
because it is composed of similar cells, bound together, that 
perform specific functions. 

An organ is an aggregate of two or more tissues that 
are integrated to perform a particular function. Organs occur 


PYYTTTITITITITI TTT 
tissue’ Fr tissu, woven, from L. fexo, 1o weave 
organ Gk. organon, instrument 
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throughout the body and vary greatly in size and function. 
Examples of organs are the heart, spleen, pancreas, ovary, 
skin, and even any of the bones within the body. Most 
organs contain all four primary tissues. In the stomach, for 
example, the inside epithelial lining performs the functions 
of secretion and absorption. The wall of the stomach, how- 
ever, also contains muscle tissue (for contractions of the 
stomach), nervous tissue (for regulation), and connective 
tissue, which binds the other tissues together. 


dystem Level 


The systems of the body constitute the next level of struc- 
tural organization. A body system consists of various organs 
that have similar or related functions. Examples of systems 
are the circulatory system, nervous system, digestive system, 
and endocrine system. Certain organs may serve several sys- 
tems. The pancreas, for example, functions with both the 


system. Gk systema, being together 
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endocrine and digestive systems. All of 
the systems of the body are interrelated 
and function together, constituting the 
organism. 

A systemic approach to studying 
anatomy and physiology emphasizes the 
functional relationships of various organs 
within a system. For example, the func- 
tional role of the digestive system can be 
better understood when all of the organs 
within that system are studied together. 
Another approach to anatomy, the region- 
al approach, has merit in professional 
schools because the structural relation- 
ships of portions of several systems can be 
observed simultaneously. This is impor- 
tant for surgeons, who must be familiar 
with all the systems within a particular 
region. Dissections of cadavers are usual- 
ly conducted on a regional basis. By 
means of radio-graphs (images produced 
by X rays) (fig. 1.9) and newer medical 
technologies, including computerized 

tomography (CT) and magnetic reso- 
nance imaging (MRI) scans (fig. 1.10), 
the organs within different body regions 
can be safely visualized in a patient. 
This text uses a systemic approach 
to anatomy and physiology. In the chap- 
ters that follow, you will become acquaint- 
ed system by system with the structural 
and functional aspects of the entire body. 


Planes of Reference and 


Descriptive Terminology 


All of the anatomical planes of reference and 
direction are made with respect to the 
posiuon. Many anatomical 


terms of 
body in anatomical 


terms ave derived fram Greek and Latin 


Planes of Reference 


In order to visualize and study the struc- 
tural arrangements of various organs, the 
body may be sectioned (cut) and dia- 
grammed according to planes of reference. 
Three fundamental planes, midsagittal 
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FIGURE 1.9 
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healing fracture, 

(b) gallstones within a 
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FIGURE 1.10 


Some newer technologies: (a) a CT scan thr 


ugh the head and (b) an MRI image 
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FIGURE 1.11 


Planes of reference through the body. 


(mid-saj‘ t-tal), coronal, and transverse, are frequently used 
to depict structural arrangement (fig. 1.11). 

A midsagittal plane passes lengthwise through the 
midplane of the body, dividing it into equal right and left 
halves. Other sagittal planes extend parallel to the midsagittal 
plane, but off-center, and divide the body into unequal right 
and left portions. Coronal, or frontal, planes also pass 
lengthwise and divide the body into front and back por- 
tions. Transverse planes, also called horizontal, or cross- 
sectional, planes, divide the body into superior (upper) and 
inferior (lower) portions. 


(CT) scan is that it displays an image along a 
transverse plane similar to that which could 
” otherwise be obtained only in an actual section 
through the body. Prior to the development of this X-ray 
technique, conventional radiographs (X-ray images) were 
ona vertical plane, and the dimensions of body 
irregularities were difficult, if not impossible, to ascertain. 


Anatomical Position and Directional lerms 


All terms of direction that describe the relationship of 
one body part to another are made in reference to the 


\ The value of the computerized tomographic X-ray 


anatomical position. In the anatomical position, the body 
is erect, the feet are parallel to one another and flat on 
the floor, the eyes are directed forward, and the arms are 
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at the sides of the body with the palms of the hands 
turned forward (fig. 1.12). 

Directional terms are used to locate the position of 
structures, surfaces, and regions of the body. These terms 
are always relative to the anatomical position. For exam- 
ple, if a person is in the anatomical position, the thumb is 
always lateral to the little finger and the nose ts anterior to 


the ears. A summary of directional terms is presented in 
table 1.2. 


Word Derivations 


Analyzing anatomical and 
physiological terminology can 
be a rewarding experience. 
Not only is an understanding 
of the roots of words of aca- 
demic interest, but a familiar- 
terms 


ity with technical 


reinforces the learning 
process. The majority of sci- 
entific terms are of Greek or 
Latin derivation, but some are 
German, French, and Arabic 
derivatives. Unfortunately, 
some anatomical and medical 
terms have been coined in 
honor of various anatomists or 
physicians. Such terms have 
no descriptive basis and must 
simply be memorized. 

Many Greek and Latin 
terms were coined more than 
2,000 years ago. It is exciting 
to decipher the meanings of 
these terms and gain a glimpse 
into our medical heritage. 
Many terms referred to com- 
mon plants or animals. Thus, 
the term vermis means worm; 
cochlea, snail shell; cancer, 
crab; and uvula, grape. Other 
terms provide a clue to the 
warlike environment of the 
Greek and Latin era. Thyroid, for example, means shield; 
xiphos (zi fos), sword; and thorax, breastplate. Sella means 
saddle and stapes (sta‘péz) means stirrup. Various tools or 
instruments were referred to in early anatomy. The malleus 
and anvil, for example, resemble miniatures of a blacksmith’s 
implements. 

Certain clinical procedures are important in deter- 
mining body structure and function. Palpation is feeling with 
firm pressure for surface landmarks, lumps, tender spots, or 


FIGURE 1.12 

In the anatomical position, 
the body is erect, the feet are 
parallel, the eyes are 
directed forward, and the 
arms are to the sides with the 
palms directed forward and 
the fingers pointed straight 
down. 


pulsations. Percussion is tapping sharply at points on the 
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Table 1.0 Directional term: 
Definition 


Term 


Example 


Ee 


Superior (cranial, cephalic) Toward the head; toward the top 


Inferior (caudal) Away from the head; toward the bottom 
Anterior (ventral) Toward the front 
Posterior (dorsal) Toward the back 
Medial Toward the midline of the body 
Lateral Toward the side of the body 
Internal (deep) Away from the surface of the body 
External (superficial) Toward the surface of the body 
Proximal Toward the main mass of the body 
Distal Away from the main mass of the body 
Visceral Related to internal organs 

_ Parietal Related to the body walls 


Supenor (cranial) 


thorax or abdomen to determine fluid concentrations and 


organ densities. Auscudtation ts 
pertorm their functions. 


listening to the sounds that 


various organs make as they 
You will encounter many new Cerms throughout your 


study of anatomy and phystology. Ir will be easter co learn 


these terms if you unde 


the new words. Use the glossary of pretines and suttixes 


(on the inside trent cover) as an aid in learning new terms. 
A putde to the relanionship between the singular and plur- 
al forms of words is presented in cable 1.3. Pronouncing 
these terms as you learn them wall also help you recall 


them Jater 


rstand the pretixes and suttixes of 


The thorax is superior to the abdomen. 

The legs are inferior to the trunk. 

The navel is on the anterior side of the body. 

The kidneys are posterior to the intestine. 

The heart is medial to the lungs. 

The ears are on the lateral sides of the head. 

The brain is internal to the cranium. 

The skin is external to the muscles. 

The knee is proximal to the foot. 

The hand is distal to the elbow. 
The lungs are covered by a thin membrane called the visceral pleura. — 
The parietal pleura is the inside lining of the thoracic cavity. 


Superior (cranial) 


5 
Anterior s 
(ventral) 


Posterior 
(dorsal) 


Body Regions and Booy Cavities 


The human body ts divided mto regions and specific areas that are 


idenufiable on the surface) The head and trunk contain internal organs 
housed in distinct body cavities 


Learning the terminology used in reference to the body 
regions now will help you learn the names of underlying 
structures later. The mayor body regions are the head, neck, 
trunk, upper extremity, and lower extremity. The trunk 
is frequently divided into the thorax and abdomen. Figure 
1.13 presents an outhne of the mayor body regions. 
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Source: Courtesy of Kenneth S. Saladin. Georgia College. 


Downloaded from Durr-e-Danish Library 


Chapter One 


Right hypochondriac region 


Epigastric region 


Right lateral abdominal region 


Right inguinal region 
Hypogastric region 


(a) 


FIGURE 1.14 

The abdomen is subdivided into nine regions. The 
vertical planes are positioned just medial to the 
nipples. The upper horizontal plane is positioned at 
the level of the mb cage and the lower horizontal 
plane is even with the upper border of the 
hipbones. 


Head and heck 


The head is divided into a facial region, which 
includes the eyes, nose, and mouth, and a cranial 
region, or cranium (kra’ne-um), which covers and 
supports the brain. The identifying names for detailed sur- 
face regions are based on associated organs—such as the 
orbital (eye), nasal (nose), oral (mouth), mental (chin), 
and auricular (ear) regions—or underlying bones—such as 
the frontal, zygomatic, temporal, parietal, and occipital 
regions. The neck, referred to as the cervical region, or 
cervix (serviks), supports the head and permits it to move. 


Thorax 


The thoracic (thi-ras‘ik) region, or thorax, 1s commonly 
referred to.as the chest. The mammary region of the thorax 
surrounds the nipple and in sexually mature females ts 
enlarged as the breast. Between the mammary regions ts the 
sternal region. The armpit is called the axillary fossa, or 
simply axilla, and the surrounding area the axillary region. 
Paired scapular regions (shoulder blades) can be identified 
from the back of the thorax. The vertebral region, follow- 


thorax. L thorax, chest 
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Left hypochondriac region 


Left lateral abdominal region 


Umbilical region 


Left inguinal region 


Midclavicular 
plane 


Subcostal 
plane 


Intertubercular 
plane 


ing the vertebral column, extends the length of the back. 
On either lateral side of the thorax are the pectoral regions. 


thoracic cavity. Easily identified surface landmarks 
greatly facilitate physical examination of these 
organs. A physician must know, for example, where 
the valves of the heart can best be detected and where to 
listen for respiratory sounds. The axilla becomes important in 


\ The heart and lungs are contained within the 


dd 


examining for infected lymph nodes. When fitting a patient 
for crutches, a physician will instruct the patient to avoid 
supporting the weight of the body on the axillary area 
because of the possibility of damaging the underlying nerves 


and vessels. 


Abdomen 


The abdomen is located below the thorax. The navel, or 
umbilicus, is an obvious landmark on the front and center 
of the abdomen. The abdomen has been divided into nine 
regions in order to describe the location of internal organs. 


Figure 1.14 diagrams the subdivisions of the abdomen. 


The pelvic region forms the inferior por- 
tion of the abdomen. Within the pelvic region is 
the pubic area, which is covered with pubic hair 
in sexually mature individuals. The perineum 
(per T-ne-wn) is the region where the external 
sex organs and the anal opening are located. The 
center of the back side of the abdomen, com- 
monly called the small of the back, is the lum- 
bar region. The sacral region is located farther 
down, at the point where the vertebral column 
terminates. The large hip muscles form the but- 
tock, or gluteal region. This region is a common 
injection site for hypodermic needles. 


Upper and lower Extremities 


The upper extremity is anatomically divided into 
the shoulder, brachium (bra‘ke-uwm) (upper arm), 
antebrachium (forearm), and manus (hand). The 
shoulder ts the region between the pectoral girdle 
and the brachium in which the shoulder yoint is 
located. The shoulder is referred to as the omos, 
or deltoid region. Between the upper arm and 
forearm is a flexible joint called the elbow. The 
surface area of the elbow is known as the cubital 


Posterior 
Cavily 


region. The front surface of the elbow is also 
known as the cubital fossa, an important site for 
intravenous injections or the withdrawal of blood. 
The wrist is the flexible junction between the 
forearm and the hand. The front of the hand is 
referred to as the palm, or palmar surface, and the back of 
the hand is called the dorsum of the hand. 

The lower extremity consists of the thigh, knee, leg, 
and foot. The thigh is commonly called the upper leg, or 
femoral (fem‘or-al) region. The knee joint has two surfaces: 
the front surface is the patellar region, or kneecap, and the 
back of the knee is called the popliteal (pop li-te-al) fossa. 
The shin is a prominent bony ridge extending longitudinal- 
ly along the anterior crural region, and the calf is the thick- 
ened muscular mass of the posterior crural region. The 
ankle is the junction connecting the leg and the foot. The 
heel 1s the back of the foot, and the sole of the foot ts 
referred to as the plantar surface. The dorsum of the foot 


cavities. 


is the top surface. 


Rody Cavities 


Body cavities are confined spaces within the body. They 
contain organs that are protected, compartmentalized, and 
supported by assoctared membranes. There are two princi 
pal body cavities: the posterior body cavity and the larger 


cubital. L. cubits, elbow 
coelom Gk koiloma, Cavity 


Cranial cavity 


Vertebral cavity 


FIGURE 1.15 
A midsagittal (median) ' 
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Paras 


anterior body cavity. The posterior body cavity contains 
the brain and the spinal cord. 

During development, the anterior cavity forms from a 
cavity called the coelom (se’lom). The coelom is a body cav- 
ity within the trunk and is lined with a membrane that 
secretes a lubricating fluid. As development progresses, the 
coelom ts partitioned by the muscular diaphragm into an 
upper thoracic cavity, or chest cavity, and a lower 
abdominopelvic cavity (figs. 1.15 and 1.16). Organs with- 
in the coclom are collectively called viscera, or visceral 
(vis eral) organs (fig. 1.17). Within the thoracic cavity are 
two pleural (ploor al) cavities for the right and left lungs and 
a pericardial (per “-kar -de-al) cavity containing the heart. 
The area between the two lungs is known as the medi- 
astinum (me “de-a-sti num). 

The abdominopelvic cavity consists of an upper 
abdominal cavity and a lower pelvic cavity. The abdomi- 
nal cavity contains the stomach, small intestine, large intes- 
tine, liver, gallbladder, pancreas, spleen, and kidneys. The 
pelvic cavity ts occupied by the terminal portion of the large 
intestine, the urmary bladder, and certain reproductive 
organs (the uterus, uterine tubes, and ovaries in the temale; 
the seminal vesicles and prostate in the male). 
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organs and systems that have 

related functions. The major 

portion of the nervous system 
occupies the posterior cavity; the 
principal organs of the respiratory and 
circulatory systems, the thoracic cavity 
the primary organs of digestion, the 
abdominal cavity; and the 
reproductive organs, the pelvic cavity 
Not only do these cavities house and 
support various body organs, they also 
effectively compartmentalize them so 
that infections and diseases cannot 
spread from one compartment to 
another. For example, pleurisy of one 
lung membrane does not usually 
spread to the other, and an injury to 
the thoracic cavity will usually cause 
only one lung to collapse rather than 
both 


a Body cavities serve to confine 


The regulatory mechanisms of the body can 
be understood m terms of a single, shared 
funcuon: that of maintaming a dynamic 
constancy of the meernal environment, oT 


homeostasis. Homeostasis ts maimtamed by 
effectors, which are regulated by sensory 
information from the mternal entironment. 


Over a century ago, the French physt- 
ologist Claude Bernard observed that 
the milicu interieur (internal environ- 
ment) remains remarkably constant 
despite changing conditions in the 
external environment. Ina book enti- 
tled The Wisdom of the Body, published 
in 1932, Walter Cannon coined the 
term homeostasis to describe this 
internal constancy. He suggested that 
mechanisms of phystological regula- 
ton exist for one purpose—the main- 
tenance of internal constancy. 

The concept of homeostasts has 
been of immense value in the study of 
anatomy and phystology because it 
allows diverse regulatory mechanisms 
to be understood in terms of their 
“ why" as well as their “how.” For exam- 
ple, we can study the phystological 
mechanisms that regulate the blood 
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¢ Table 14 Approximate normal ranges for 
| selected blood measurements 


glucose concentration and understand that they work that 
way to maintain homeostasis of blood glucose. The concept 
of homeostasis also provides a foundation for medical diag- 
nostic procedures. When a particular measurement of the 
internal environment, such as a blood measurement (table 
1.4), deviates significantly from the normal range of values, 
it can be concluded that homeostasis is not being main- 
tained. A number of such measurements, combined with 
clinical observations, may allow the particular defective 
mechanism to be identified. 


Negative Feedback loops 


In order for internal constancy to be maintained, the body 
must have sensors that are able to detect deviations from a 
set point. The set point is analogous to the temperature set 
ona house thermostat. Ina similar manner, there is a set 
point for body temperature, blood glucose concentration, 
the tension on a tendon, and so on. When a sensor detects 
a deviation from a particular set point, it must relay this 
information to an integrating center, Which usually receives 
information from many different sensors. The integrating 
center is often a particular region of the brain or spinal cord, 
but in some cases it can also be cells of endocrine glands. 
The relative strengths of different sensory inputs are weighed 
In the integrating center, and, in response, the integrating 
center either increases or decreases the activity of particu- 
lar effectors, which are generally muscles or glands. 

In response to sensory information abour a deviation 
from aset point, therefore, effectors act to promote a reverse 
change in the internal environment. It the body temperature 
exceeds the ser point of 37° C, for example, effectors (such 
as sweat glands) act to lower the temperature. If, as anoth- 
erexample, the blood glucose concentration tally below nor- 
mal, the effectors (endocrine glands) act to increase the 
blood glucose. Notice that the change produced by the etfec- 
tors acts to counter, or negate, the orginal deviation trom 


® 


Integraling center 


FIGURE 1.18 


A rise in some factor of the internal environment (Tx) 1s detected 
by a sensor. Acting through an integrating center, this caused an 
effector to produce a change in the opposite direction (Lx). The 
initial deviation is thus reversed, completing a negative feedba ck 
loop (shown by the dashed arrow and negative sign). The 
numbers indicate the sequence of changes. 


Integrating center 
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FIGURE 1.19 


A negative feedback loop that compensates for a fall in some 
factor of the internal environment (Lx). (Compare this figure with 
figure 1.18.) 


the set point. Since the activity of the effectors is influ- 
enced by the effects they produce, and since this regulation 
is in a negative, or reverse, direction, this type of control 
system is known as a negative feedback loop (fig. 1.18). 

It is important to realize that this negative-teedback- 
loop activity is continuous. Thus, a particular nerve fiber, 
which is part of an effector mechanism, may always display 
some activity, and a particular hormone, which ts part of 
another effector mechanism, may always be present in the 
blood. The nerve activity and hormone concentration may 
decrease in response to deviations of the internal environ- 
ment in one direction (tig. 1.18) or they may increase in 
response to deviations in the opposite direction (fig. 1.19). 


@ 
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FIGURE 1.20 
Negative feedback loops (indicated by negative signs) maintain a 
state of dynamic constancy within the internal environment. 


Changes from the normal range in either direction are thus 
compensated for by reverse changes in effector activity. 

Homeostasis is best conceived as a state of dynamic 
constancy rather than as a state of absolute constancy. The 
values of particular measurements of the internal environ- 
ment fluctuate above and below the set point, which can 
be taken as the average value within the normal range of 
measurements (fig. 1.20). This state of dynamic constancy 
results from a greater or a lesser degree of activation of effec- 
tors in response to sensory feedback and from the competing 
actions of antagonistic effectors. 


Antagonistic Effectors © Most factors in the internal envi- 
ronment are controlled by several effectors, which often 
display antagonistic activity. Control by antagonistic effec- 
tors is sometimes described as push-pull, where the increas- 
ing activity of one effector is accompanied by decreasing 
activity of an antagonistic effector. This affords a finer 
degree of control than could be achieved by simply switch- 
ing one effector on and off. Normal body temperature, for 
example, is maintained ata set point of about 37° C by the 
antagonistic effects of sweating, shivering, and other mech- 
anisms (fig. 1.21). 

The blood concentrations of glucose, calcium, and 
other substances are regulated by negative feedback loops 
that involve chemical regulators called hormones that pro- 
duce opposite effects. While insulin, for example, lowers 
blood glucose, other hormones raise the blood glucose con- 
centration. The heart rate, similarly, is controlled by impuls- 
es through nerve fibers that produce opposite effects. 
Stimulation of one group of nerve fibers increases the heart 
rate, while stimulation of another group slows the heart 


rate. 


Positive Feedback 


Constancy of the internal environment ts maintained by 
effectors that act to compensate for changes that served as 
stimuli for their activation; in short, by negative feedback 
loops. A thermostat, for example, maintains a constant 
temperature by increasing heat production when tts cold 
and decreasing heat production when itis warm. The oppo- 
site occurs during positive feedback—in thiy case, the 
action of effectors amplifies those changes that stimulated 


FIGURE 1.21 
A simplified scheme by which body temperature 1s maintained 
within the normal range (with a set point of 37° C) by two 


antagonistic mechanisms —shivering and sweating. Shivering is 


induced when the body temperature falls too low and gradually 
subsides as the temperature rises. Sw 
body temperature is too high and diminishes as the temperature 
falls. Most aspects of the internal environment are regulated by 


the antagonistic actions of different effector mechanisms. 


eating occurs when the 


the effectors. A thermostat that worked by positive feed- 
back, for example, would increase heat production in 
response to a rise in temperature. 

It is clear that homeostasis must ultimately be main- 
tained by negative rather than by positive feedback mech- 
anisms. The effectiveness of some negative feedback loops, 
however, is increased by positive feedback mechanisms that 
amplify the actions of a negative feedback response. Blood 
clotting, for example, occurs as a result of a sequential acti- 
vation of clotting factors. The activation of one clotting 
factor results in activation of many in a positive feedback, 
avalanchelike, manner. In this way, a single change ts ampli- 
fied to produce a blood clot. Formation of the clot, howev- 
er, can prevent further loss of blood, and thus represents 
the completion of a negative feedback loop. 


Neural and Endocrine Regulation 


The effectors of most negative feedback loops include the 
actions of nerves and hormones. In both neural and 
endocrine regulation, particular chemical regulators released 
by nerve fibers or endocrine glands stimulate target cells by 
interacting with specific receptor proteins in these cells. 
The mechanisms by which this regulation is achieved will be 
described in later chapters. 

Homeostasis is maintained by two general categories of 
regulatory mechanisms: (1) those that are intrmsic, or “built- 
in,” to the organs that produce them and (2) those that are 
extrinsic, as in regulation of an organ by the nervous and 
endocrine systems. 

The endocrine system functions closely with the ner- 
vous system in regulating and integrating body processes 
and maintaining homeostasis. The nervous system controls 
the secretion of many endocrine glands, and some hormones 
in turn affect the function of the nervous system. Together, 
the nervous and endocrine system regulate the activities of 
most of the other systems of the body. 
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Regulation by the endocrine system ts achieved by the 
secretion of chemical regulators called hormones into the 
blood. Since hormones are secreted into the blood, they are 
carried by the blood to all organs in the body. Only specif- 
ic organs can respond to a particular hormone, however; 
these are known as the target organs of that hormone. 

Nerve fibers are said to innervate the organs that they 
regulate. When stimulated, these fibers produce electro- 
chemical nerve impulses that are conducted from the ori- 
gin of the fiber to the target organ innervated by that fiber. 
These target organs can be muscles or glands that may func- 
tion as effectors in the maintenance of homeostasis. 


Feedback Control of Hormone Secretion 


We will discuss the details of the nature of the endocrine 
glands, the interaction of the nervous and endocrine sys- 
tems, and the actions of hormones in later chapters. For 
now it is sufficient to describe the regulation of hormone 
secretion very broadly, since it so superbly illustrates the 
principles of homeostasis and negative feedback regulation. 

Hormones are secreted in response to specific chemi- 
cal stimuli. A rise in the plasma glucose concentration, for 
example, stimulates insulin secretion from the pancreatic 
islets (islets of Langerhans) in the pancreas. Hormones are 
also secreted in response to nerve stimulation and to stim- 
ulation by other hormones. 
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FIGURE 1.22 
The negative feedback contro! of insulin secretion and blood 
glucose concentration. 


The secretion of a hormone can be inhibited by its 
own effects, ina negative feedback manner. Insulin, for 
example, produces a lowering of blood glucose. Since a rise 
in blood glucose stimulates insulin secretion, a lowering of 
blood glucose caused by insulin’s action inhibits further 
insulin secretion. This closed-loop control system is called 
negative feedback inhibition (fig. 1.22). 
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Chapter oummary 


3. Some of the characteristics of humans 


The Sciences of Anatomy and Physiology 
(pp. 2-6) 


dl 


The history of anatomy and physiology 

parallels that of medicine; Hippocrates, 

the famous Greek physician, is regarded 
as the father of medicine. 

Aristotle established a type of scientific 

method for obtaining data. 


utilization of the microscope by 
Leeuwenhoek. 

The scientific method is a disciplined 
approach considered necessary for 
scientific investigation. It includes 
observation, data collection, and 
formulation of a hypothesis that is 
testable. 


belonging to the phylum Chordata within 


the kingdom Animalia and to the family 


Humans belong to the phylum Chordata 
because of the presence of a notochord, a 


3. alia oer ii taal Classification and Characteristics of 
Humans (pp. 6-8) 

4. The writings of the Roman physician 
Galen were the ultimate authority on 1. Humans are biological organisms 
anatomy and medical treatment for nearly 
1,500 years 

5 Often regarded as the father of anatomy, Hominidae within the class Mammalia 
Vesalius challenged Galen's teachings and the order Primates 
and accelerated research in anatomy and 2 
physiology during the Renaissance 

6. Two major contributions of the 
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seventeenth and eighteenth centuries 
were the explanation of blood flow by 
Harvey and the development and 


dorsal hollow nerve cord, and pharyngeal 
pouches during the embryonic period of 
development 


include a large, well-developed brain, 
bipedal locomotion, an opposable thumb, 
well-developed vocal structures, and 
stereoscopic vision. 


Body Organization (pp. 8-10) 


Ty 


The cell is the structural and functional 
component of life 

Tissues are aggregations of similar cells 
that perform specific functions. 

An organ is an aggregate of two or more 
tissues that performs specific functions. 
Body systems consist of various organs 


that have similar or interrelated functions. 


Planes of Reference and Descriptive 
Terminology (pp. 10-12) 


1 


In the anatomical position, the subject 
stands erect and faces forward with arms 
at the sides and palms turned forward. 


Introduction to Anatomy and Physiology 


2. Directional terms are used to describe the 
location of one body part with respect to 
another part. 

3. The majority of anatomical and 
physiological terms are of Greek or Latin 
derivation. 


Body Regions and Body Cavities 
(pp. 12-15) 


1. The human body is divided into regions, 
which can be identified on the surface. In 
each region are internal organs, the 


locations of which are anatomically, 
physiologically, and clinically important. 
For functional and protective purposes, 
the viscera are compartmentalized and 
supported in specific body cavities by 
connective and epithelial membranes 


Homeostasis and Feedback Control 
(pp. 16-19) 


vi 


Homeostasis is the dynamic constancy of 
the internal environment. This concept is 
the central theme of anatomy and 
physiology, and even of medicine. 


2. Deviations from a set point are detected 


by sensors, and changes are instituted by 
effectors that act to compensate for the 
deviations in a negative feedback fashion 


3. Neural and endocrine effectors regulate 


most of the organs of the body. The 
secretion of hormones is controlled by 
negative feedback loops. 
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Review Activities 


Objective Questions 


1. Which of the following men would be 
most likely to disagree with the concept 
of body humors? 

a. Galen b. Hippocrates 
c. Vesalius d. Aristotle 

2. The most important contribution of 
William Harvey was his research on 
a. the continuous circulation of blood. 
b. the microscopic structure of 

spermatozoa. 
c. the detailed structure of the kidney. 
d. the striated appearance of skeletal 
muscle 

3. The taxonomic scheme from specific to 
general is 
a. species, class, order, phylum. 

b. genus, family, kingdom, phylum. 
c. species, family, class, kingdom 
d. genus, phylum, class, kingdom. 

4. Which of the following is (are) nota 

principal chordate characteristic? 

a. dorsal hollow nerve cord 

b. distinct head, thorax, and abdomen 
c. notochord 

d. pharyngeal pouches 

5. The cubital fossa is located in 
a. the thorax. 

b. the upper extremity. 
c. the abdomen 
d. the lower extremity. 


Chapter One 


6. 


7. 


8. 


9. 


10 


Which of the following is nota 

fundamental plane? 

a. coronal plane b. transverse plane 

Cc. vertical plane d. midsagittal plane 

In the anatomical position, 

a. the arms are extended away from the 
body. 

b. the palms of the hands face 
posteriorly. 

c. the body is erect and the palms face 
anteriorly 

d. the body is in a fetal position. 

Which of the following statements about 

homeostasis is true? 

a. The internal environment is 
maintained absolutely constant. 

b. Negative feedback mechanisms act to 
correct deviations from a normal 
range within the internal environment. 

c. Homeostasis is maintained by 
switching effector actions on and off. 

d. All of the above are true. 

In a negative feedback loop, the effector 

organ produces changes that are 

a. similar in direction to that of the initial 
stimulus 

b. opposite in direction to that of the 
initial stimulus. 

c. unrelated to the initial stimulus. 

A hormone called parathyroid hormone 

acts to help raise the blood calcium 

concentration. According to the principles 


of negative feedback, an effective 
stimulus for parathyroid hormone 
secretion would be 

a. a fallin blood calcium. 

b. arise in blood calcium. 


Essay Questions 


i 


What is meant by the humoral theory of 
body organization? Which great 
anatomists were influenced by this 
theory? When was the humoral theory 
discarded? 

Discuss the impact of Galen on the 
advancement of anatomy and physiology 
and medicine. What ideological 
circumstances permitted the philosophies 
of Galen to survive for so long? 

What role did the development of the 
microscope play in the advancement of 
the sciences of anatomy and physiology 
and medicine? What specialties of 
anatomical and physiological study have 
emerged since the introduction of the 
microscope? 


. Describe the scientific method and 


comment on its immense importance in 
anatomical and physiological research. 
Explain the role of antagonistic negative 
feedback processes in the maintenance of 
homeostasis. 

Explain, using examples, how the 
secretion of a hormone is controlled by 
the effects of that hormone’s actions. 
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© Describe the structure of an atom and the types and 


: Atoms | eitiorent types of shomical " 
: Chemicals Bonds, Molecules, and lonic Jats cite Lhe a 
: Compounds , 

: Acids, Bases, and the pH Scale © Weiner ees eeze! “088, Ome, 

: Organic Molecules © Discuss the properties of water and explain 

: ae compounds may be either hydrophilic or hydr 

: Carbohydrates and Lipids a a Me 

: Carbohydrates and identify different functional groups. 

: ae ° List the subcategories of carbohydrates : 

: Proteins q4 examples of each. 


Describe dehydration synthesis and 


; Structure of Proteins reactions and indicate where they occur. 


: Functions of Proteins ie 
: Queene © Identify the subclasses of lipids and explain why the 
: saa “ “< are all classified as lipids. A : 
: Distinguish between saturated and unsaturated tats. 
and describe the chemical reactions in which 
triglycerides are formed and broken down. 


Describe the structures of phospholipids and 
prostaglandins and explain their functions in the 
body. 


Describe the structure of amino acids and explain 
how one type of amino acid difters from another. 


Describe the primary, secondary, tertiary, and 
quaternary structure of proteins. 


List some of the functions of different proteins and 
explain why protein structure is so diverse. 
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Chapter Two 


In order to understand human anatomy and phystwology, a knowledge of 
baste chemical concepts, including the structure of atoms and 


molecules, chemical bonding, and the basis of pH! measurements, is 
required. 


The anatomical structures and physiological processes of the 
body are largely based on the properties and interactions of 
atoms, ions, and molecules. Water is the major solvent in 
the body and contributes 65% to 75% of the total weight of 
an average adult. Of this amount, 30% to 40% is contained 
within the body cells as the intracellular compartment; the 
remainder is contained outside of the body cells as the extra- 
cellular compartment, including the blood and tissue fluids. 
Dissolved in this water are many organic molecules (carbon- 
containing molecules like carbohydrates, lipids, proteins, 
and nucleic acids) and inorganic molecules and ions (atoms 
with a net charge). Before we turn to the structure and func- 
tion of organic molecules within the body, let's first con- 
sider some basic chemical concepts, terminology, and 
symbols. 


Atoms 


Atoms are much too small to be seen as individual struc- 
tures, even with the most powerful microscope. Through 
the efforts of generations of scientists, however, the struc- 
ture of atoms is now well understood. At the center of an 
atom is its nucleus. The nucleus contains two types of parti- 
cles: protons, which have a positive charge, and neutrons, 
which are uncharged. The mass of a proton is approximately 
equal to the mass of a neutron, and the sum of the number of 
protons and neutrons in an atom is equal to the atomic mass 
of the atom. For example, an atom of carbon, which con- 
tains six protons and six neutrons, has an atomic mass of 12 
(table 2.1). 


The number of protons in an atom is its atomic number. 
Carbon has six protons, and thus has an atomic number of 6. 
Outside the positively charged nucleus are negatively charged 
electrons. Since the number of electrons in an atom is equal to 
the number of protons, atoms have a net charge of zero. 

Although it is often convenient to think of electrons as 
orbiting the nucleus like planets orbiting the sun, this view 
of atomic structure is no longer believed to be correct. A 
given electron can occupy any position in a certain volume 
of space surrounding the nucleus. The outer boundary of 
this volume of space is called the orbital of the electron. The 
orbital is like an energy shell, or barrier, beyond which the 
electron usually does not pass. 

There are potentially several such orbitals around a 
nucleus, with each successive orbital being farther from 
the nucleus. The first orbital, closest to the nucleus, can 
contain only two electrons. If an atom has more than two 
electrons (as do all atoms except hydrogen and helium), 
the additional electrons must occupy orbitals that are 
more distant from the nucleus. The second orbital can 
contain a maximum of eight electrons; the third can also 
contain a maximum of eight, and the fourth can contain 
a maximum of 18. The orbitals are filled from the inner- 
most outward. Carbon, with six electrons, thus has two 
electrons in its first orbital and four electrons in its second 
orbital (fig. 2.1). It is always the electrons in the outer- 
most orbital, if this orbital is incomplete, that participate 
in chemical reactions and form chemical bonds. These 
outermost electrons are known as the valence electrons of 
the atom. 


Isotopes = A particular atom with a given number of pro- 
tons in its nucleus may exist in several forms that differ 
from each other in their number of neutrons. All of these 
forms have the same atomic number but a different atomic 
mass. These different forms of atoms are called isotopes. 
When we refer to a chemical element, all of the isotopic 
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forms of a given atom are included. The ele- 
7 ‘o ment hydrogen, for example, has three iso- 
\ topes. The most common of these has a 
\ nucleus consisting of only one proton. 
Hydrogen Another Isatope of hydrogen (called 
1 proton O deuterium) has one proton and one neu- 
1 electron tron in the nucleus, whereas the third 
\ isotope (tritmm) has one proton and 

two neutrons. Tritium is a radiwactive 

a isotope that ts commonly used in 
phystological research and in many 


clinical laboratory procedures. 


Chemical Bonds, Molecules, 
oS and fone Compounds 
padiiid \ Molecules are formed through interac- 
tion of the valence electrons of two or 


6 neutrons 
6 electrons 


more atoms. These interactions, such as 

the sharing of electrons, produce chemical 

bonds (fig. 2.2). The number of bonds that 

each atom can have is determined by the 
number of electrons needed to complete the out- 
ermost orbital. Hydrogen, for example, must obtain 


Proton Neutron Electron - 
roton © eutron @ = only one more electron—and can thus form only one 
chemical bond—to complete the first orbital of two elec- 


FIGURE 2.1 sais 
Diagrams of the hydrogen and carbon atoms. The electron trons. Carbon, by contrast, must obtain four more elec- 
orbitals on the left are represented by shaded spheres that trons—and can thus form four chemical bonds—to complete 
indicate probable positions of the electrons. The orbitals on the the second orbital of eight electrons (fig. 2.3, left). 


right are represented by concentni circles. 
Covalent Bonds Covalent bonds result when two or 
more atoms share electrons. Covalent bonds that are 
formed between identical atoms, as in oxygen gas (O2) 
and hydrogen gas (H2), are the strongest because their 


electrons are equally shared. Since the electrons are 

OQ equally distributed between the two atoms, these mole- 
cules are said to be nonpolar and are bonded by nonpolar 

covalent bonds. When covalent bonds are formed 

between two different atoms, however, the electrons may 

. be pulled more toward one atom than the other. The 

side of the molecule toward which the electrons are 

O pulled is electrically negative in comparison to the other 
side. Such a molecule is said to be polar because it has a 

\ 


positive and negative pole. Atoms of oxygen, nitrogen, 


yf 


\ 
= and phosphorus have a particularly strong tendency to 


ie pull electrons toward themselves when they bond with 
URE 2.2 other atoms. 
FIG Water is the most abundant molecule in the body and 


The hydrogen molecule, showing the covalent bonds between ; : 
hydrogen atoms formed by the equal sharing of electrons. serves as a solvent for body fluids. Water is a good solvent 
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IGURE 2.4 
; model of a water molecule showing its polar nature. Notice that 
the oxygen side of the mo lecule is negative, whereas the hydrogen 
side is positive. Polar covalent bonds are weaker than nonpolar 
covalent bonds. As a result, some water molecules ionize to forma 
hydroxy] ion (OH ) anda hydrogen 1on (H"). The H* combines with 


water molecules to form hydronium (H30°) 1ons (not shown) 


because it is polar; the oxygen atom pulls its electrons from 
the two hydrogens toward its side of the water molecule, so 
that the oxygen side is more negatively charged than the 
hydrogen side of the molecule (fig. 2.4). In the next section, 
me wall see the significance of the polar nature of water in its 


function as a solvent. 


Ammonia (NH,) 


lonic Bonds Tonic bonds result when one or more valence 
electrons from one atom are completely transferred to a sec- 
ond atom. Thus, the electrons are not shared at all. The first 
atom loses electrons, and with fewer electrons than protons 
it hecomes a positively charged ion (i’on). Positively charged 
ions are called cations because they move toward the negative 
pole, or cathode, in an electric field. The second atom now 
has more electrons than it has protons and becomes a nega- 
tively charged ion, or anion (so called because it moves toward 
the positive pole, or a node, in an electric field). The cation 
and anion attract each other to form an ionic compound. 

Common table salt, sodium chloride (NaCl), ts an 
example of an ionic compound. Sodium, with a total of 11 
electrons, has 2 in its first orbital, 8 in its second orbital, and 
only | in its third orbital. Chlorine, conversely, is one elec- 
tron short of completing its outer orbital of eight electrons. 
The lone electron in sodium’s outer orbital is attracted to 
chlorine’s outer orbital. This creates a chloride ton (repre- 
sented as Cl-) and a sodium ion (Na*). Although table salt is 
shown as NaCl, it is actually composed of Na*Cl (fig. 2.5). 

lonic bonds are weaker than polar covalent bonds, and 
therefore ionic compounds easily dissociate when dissolved 
in water to yield their separate tons. Dissociation of NaCl, for 
example, yields Na* and Cl. Each of these ions attracts 
polar water molecules; the negative ends of water molecules 
are attracted to the Na* and the positive ends are attracted 
to the Cl (fig. 2.6). The water molecules that surround these 
ions in turn attract other molecules of water to form hydra- 
tion spheres around each ion. 
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The formation of hydration spheres makes an ton or 
a molecule soluble in water. Glucose, amino acids, and 
many other organic molecules are water-soluble because 
hydration spheres can form around atoms of oxygen, nitro- 
gen, and phosphorous that are joined by polar covalent 
bonds to other atoms in the molecule. Such molecules are 
said to be hydrophilic (hidra-fil tk). By contrast, mole- 
cules composed primarily of nonpolar covalent bonds, such 
as the hydrocarbon chains of fat molecules, have few 
charges, and thus cannot form hydration spheres. They 
are insoluble in water, and actually avoid tt. For this rea- 
son, nonpolar molecules are said to be hydrophobic 


(hi“dri-fo’ bik). 


Hydrogen Bonds = Hydrogen bonds are very weak bonds that 
help to stabilize the delicate folding and bending of long 
organic molecules like proteins. When hydrogen forms a 
polar covalent bond with an atom of oxygen or nitrogen, 
the hydrogen gains a slight positive charge as the electron 


i) * @ . 
me Veco Pi ——— is pulled toward the other atom. This other atom ts there- 


\ . ; ; _ 
ee o_ e fore described as being electronegative. Since the hydrogen 


ee has a slight positive charge, it will have a weak attraction 


for a second electronegative atom (oxygen or nitrogen) that 
Sodium ton (Na*) Chionde ton (CI) may be located near it. This weak attraction is called a 
hydrogen bond. Hydrogen bonds are usually represented by 


0 FIGURE 2.5 


The dissociation of sodium and chlorine to produce sodium and 


chloride ions. The positive sodium ions and the negative chloride PRE Rr TTT ere TT eT 
ions attract each other to produce the ionic compound sodium hydrophilic: Gk. hydor, water; philos, fond 
chloride (NaC)). hydrophobic: Gk. hydor, water; phobos, fear 
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FIGURE 2.6 
The negatively charged oxygen- 
ends ct water molecules are attracted wadenmwaheiele 


to the positively charged Na’, whereas 

the positively charged hydrogen-ends of 

water molecules are attracted to the negatively 

Other water molecules are attracted to this first 


charged Cl 
{ water, forming hydration spheres around the sodium and chloride tons. 


concentric layer © 
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Water molecule 


i—___ Hydrogen bond 


FIGURE 2.7 


The oxygen atoms of water molecules are weakly joined together 
by the attraction of the electronegative oxygen for the positively 
charged hydrogen. These weak bonds are called hydrogen 
bonds. 


dotted lines (fig. 2.7) to distinguish them from strong cova- 
lent bonds, which are represented by solid lines. 

Hydrogen bonds can be formed within the folds of a 
protein (as we will see in a later section), and between the 
chains of DNA (chapter 3). They can also be formed 
between adjacent water molecules, as shown in figure 2.7. 
The hydrogen bonding between water molecules ts respon- 
sible for many of the physica! properties of water, including 
its surface tension and its ability to be pulled as a column 
through narrow channels in a process called capillary action. 


Acids, Bases, and the pH dcale 


The bonds in water molecules joining hydrogen atoms to 
oxygen atoms are, as previously discussed, polar covalent 
bonds. Although these bonds are strong, a small proportion 
of them break as the electron from the hydrogen atom is 
completely transferred to oxygen. When this occurs, the 
water molecule tonizes to form a hydroxyl ion (OH>) and a 
hydrogen ton (H*), which is simply a free proton. A proton 
wed in this way does not remain free for long, because it 


rele: 
is attracted to the cle 
cules. This forms a hydronium ton, indicated by the formula 
H O°. For the sake of clarity in the following discussion, 
© indicate the cation resulting from 


ctrons of oxygen atoms in water mole- 


however, we will use H* t 
the ionization of water. 
lonization of water molecules produces equal amounts of 
OH. and H’. Since only a small proportion of water mole- 
cules ionize, the concentration of H* and OH) are each equal 
to only 107 molar. (The term molar is a unit of concentra- 
tion, as described in chapter 5; tor hydrogen, | molar equals 1 
gram per liter.) A solution with thiy H* concentration, which 


“abled? 


a 


Common acids and bases 


is produced by the ionization of water molecules in which the 
H* concentration equals the OH> concentration, is said to 
be neutral. 

A solution that contains a higher H* concentration 
than that of water is called an acidic solution; a solution with 
a lower H* concentration is called a basic solution. An acid 
is defined as a molecule that can release protons (H*) to a 
solution; it is a proton donor. A base is a negatively charged 
ion (anion), or a molecule that ionizes to produce the anion, 
which can combine with H* and thus remove the H* from 
solution; it is a proton acceptor. Most strong bases release 
OH> intw a solution, which combines with H* to form water, 
and which thus lowers the H* concentration. Examples of 
common acids and bases are given in table 2.2. 


pH The H* concentration of a solution is usually indicated 
in pH units ona scale that runs from 0 to 14. The pH num- 
ber is equal to the logarithm of | over the H* concentration: 


[oo 
pH = log IH] 


where [H*] = molar H* concentration 


Pure water has an H* concentration of 10-7 molar at 
25°C, and thus it has a pH of 7 (neutral). Because of the 
logarithmic relationship, a solution with 10 times the 
hydrogen ion concentration (10-6 M) has a pH of 6, where- 
as a solution with one tenth the H* concentration (10-5 M) 
has a pH of 8. The pH number is easier to write than the 
molar H* concentration, but it is admittedly confusing 
because it 1s inversely related to the H* concentration: a 
solution with a higher H* concentration has a lower pH 
number; one with a lower H* concentration has a higher 
pH number. A strong acid with a high H* concentration 
of 10°* molar, for example, has a pH of 2, whereas a solu- 
tion with only 10°! molar H* has a pH of 10. Acidic solu- 
tions, therefore, have a pH of less than 7 (that of pure 
water), Whereas basic solutions have a pH of between 7 and 


14 (table 2.3). 


Buffers A buffer is a system of molecules and ions that 
resists changes in H* concentration, thus serving to stabi- 
lize the pH of a solution. In blood plasma, for example, the 
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PH is stabilized by the following reversible reaction involving 


the bicarbonate ion (HCO; _) and carbonic acid (H2CO3): 


HCe,; + HSS FCO 


The double arrows indicate that the reaction could go either 
to the right or to the left; the net direction depends on the 
concentration of molecules and ions on each side. If an acid 
(such as lactic acid) should release H* into the solution, for 
example, the following reaction would be promoted: 


HCO; SSS H2CO; 


The preceding reaction serves to decrease the effect of 
added H* on the pH of the blood. Bicarbonate is the major 
buffer of the blood. Under the opposite condition, when the 
concentration of free H* in the blood was falling, the reac- 
tion previously described would be reversed: 


H,CO;H*——————_» HCO_ 


Here, the dissociation of carbonic acid yields free H*, 
which helps to prevent an increase in pH. Bicarbonate ions 
and carbonic acid thus act as a buffer pair to prevent either 
decreases or increases in pH, respectively. This buffering 
action normally maintains the blood pH at a very stable 
7.40 + 0.05. 


Srganc Molecules 


Organic molecules contain the atom carbon. Since the car- 
bon atom has four electrons in its outer orbital, it must share 
four additional electrons by covalent bonding with other 
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atoms to fill its outer orbital with eight electrons. The unique 
bonding capacity of carbon enables it to join with other car- 
bon atoms to form chains and rings, while still allowing the 
carbons to bond with hydrogen and other atoms. 

Most organic molecules in the body contain hydro- 
carbon chains and rings, as well as other atoms bonded to 
carbon. Two adjacent carbon atoms in a chain or ring may 
share one or two pairs of electrons. If the two carbon atoms 
share one pair of electrons, they are said to have a single 
covalent bond. This leaves each carbon atom free to bond 
to as many as three other atoms. If the two carbon atoms 
share two pairs of electrons, they have a double covalent bond, 
and each carbon atom can only bond to a maximum of two 
additional atoms (fig. 2.8). 

The ends of some hydrocarbons are joined together to 
form rings. In the shorthand structural formulas of these 
molecules, the carbon atoms are not shown but are under- 
stood to be located at the corners of the ring. Some of these 
cyclic molecules have a double bond between two adjacent 
carbon atoms. Benzene and related molecules are shown as 
a six-sided ring with alternating double bonds. Such com- 
pounds are called aromatic. Since all of the carbons in an 
aromatic ring are equivalent, double bonds can be shown 
between any two adjacent carbons in the ring (fig. 2.9). The 
hydrocarbon chain or ring of many organic molecules pro- 
vides a relatively inactive molecular backbone, to which 
more reactive groups of atoms are attached. These reactive 
groups are known as functional groups of the molecule and 
they usually contain atoms of oxygen, nitrogen, phospho- 
rous, or sulfur. They are largely responsible for the unique 
chemical properties of the molecule (fig. 2.10). 

Classes of organic molecules can be named according to 
their functional groups (fig. 2.11). Ketones (ke ‘tonz) for 
example, have a carbonyl group within the carbon chain. 
An organic molecule is an alcohol if it has a hydroxyl group 
at one end of the chain. All organic acids (such as acetic acid, 
citric acids, and others) have a carboxyl (kar-bok ‘sil) group. 


Stereoisomers Two molecules may have exactly the same 
atoms arranged in exactly the same sequence, yet may differ 
with respect to the spatial orientation of a key functional 
group. Such molecules are stereoisomers of each other. 
Depending upon the direction in which the key functional 
group ty oriented with respect to the molecule, stereoiso- 
mers are called either D-isomers (for dextro, or right-handed) 
or L-isomers (for levo, or left-handed). Their relationship 
is similar to that between a right and left glhove—if the palms 
are both facing forward, the two cannot be supernmposed. 
These subtle differences in structure are extremely 
important biologically, since enzymes, which interact with 
such molecules in a stereo-specific way in chemical reac- 
tions, cannot combine with the wrong stereomomer. The 
enzymes of all cells (human and others) can only combine 
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Ethane (C,H,) Ethylene (C3H,) 


FIGURE 2.8 


Two carbon atoms joined by a single covalent bond (left) or by a 
double covalent bond (right). In both cases, each carbon atom 
shares four pairs of electrons (has four bonds) to complete the 


eight electrons required to fill its outer orbital. 


H #H H 

f a 

{ _ ~4 —H CH, (Hexane) 
H H H 


CH; CH, 
(b) | or C.H,2 (Cyclohexane) 
CH yt 
bf 
or C,H, (Benzene) 
FIGURE 2.9 FIGURE 2.10 
Various functional groups of organic molecules. 


Hydrocarbons that are (a) linear, (b) cyclic, and (c) aromatic rings. 


28) 
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FIGURE 2.11 


Categories of organic molecules based on functional groups. 


with L-amino acids and D-sugars, for example. The oppo- 
site stereoisomers (D-amino acids and L-sugars) cannot be 
used by the body. D-sugars, for example, taste sweet, where- 
as the L-sugars (produced in a laboratory) are tasteless. 


Carbohydrate molecules share a characteristic ratto of carbon, 
hydrogen, and oxygen atoms, and they are divided into subgroups 
depending upon the mamber of simple sugars that each molecule 
contains. Lipids are a related but distmct group of molecules that share 
the physical property of bemg nonpolar, and are thus msoluble m water. 


Carbohydrates and lipids are similar in many ways. Both 
groups of molecules consist primarily of the atoms carbon, 
hydrogen, and oxygen, and both serve as major sources of 
energy in the body (comprising most of the calories con- 
sumed in food). Carbohydrates and lipids differ, however, 
In some important aspects of their chemical structures and 
physical properties. These differences significantly affect the 
functions of carbohydrates and lipids in the body. 


Carbohydrates 


Carbohydrates are organic molecules that contain carbon, 
hydrogen, and oxygen in the ratio described by their name— 
carbo (carbon, C) and hydrate (water, H>O). The general 
formula of a carbohydrate molecule is thus CH2O; the mol- 
ecule contains twice the number of hydrogen atoms as it 


contains carbon or oxygen atoms. 


Monosaccharides, Disaccharides, and Polysaccharides 
Carbohydrates include monosaccharides (mon ‘-sak “a- 
ridz), or simple sugars, and longer molecules thar contain a 
number of monosaccharides joined together. The suttix -ose 


monosaccharide Gk. monos, single, sdkcharon, sugar 
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FIGURE 2.12 
The structural formulas of three hexose sugars: (a) glucose, 
(b) galactose, and (c) fructose. All three have the same ratio of 


atoms—C¢H ;20,. 


denotes a sugar molecule; the term hexose, for example, 
refers to a six-carbon monosaccharide with the formula 
CoH 2O,. This formula is adequate for some purposes, but it 
does not distinguish between related hexose sugars, which 
are structival isomers of each other. The structural isomers 
glucose, galactose, and fructose, for example, are monosac- 
charides that have the same ratio of atoms arranged in 
slightly different ways (fig. 2.12). 
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OH OH 
FIGURE 2.13 


Glycogen is a polysaccharide composed of glucose subunits 
joined together to forma large, highly branched molecule. 


Two monosaccharides can be joined covalently to 
form a disaccharide (di-sak “a-rtd), or double sugar. Com- 
mon disaccharides include table sugar, or sucrose 
(composed of glucose and fructose); milk sugar, or lactose 
(composed of glucose and galactose); and malt sugar, or 
maltose (composed of two glucose molecules). When many 
monosaccharides are joined together, the resulting mol- 
ecule is called a polysaccharide. Starch, for example, is a 
polysaccharide found in many plants and ts formed by the 
bonding together of thousands of glucose subunits. Ani- 
mal starch, or glycogen (gli ‘ko-jen), found in the liver and 
muscles, likewise consists of repeating glucose molecules 
hut differs from plant starch in that glycogen is more highly 
branched (fig. 2.13). 

Dehydration Synthesis and Hydrolysis = In the formation 
of disaccharides and polysaccharides, the separate subunits 
(monosaccharides) are bonded together covalently by a type 
of reaction called dehydration synthesis, or condensation. 
In this reaction, which requires the participation of specific 
enzymes (chapter 4), a hydrogen atom ts removed from one 
monosaccharide and a hydroxyl group (OH) is removed from 
another. As a covalent bond ts formed between the two 


OH OH O=—= 


OH OH 


monosaccharides, water (H2O) is produced. Dehydration 
synthesis reactions are illustrated in figure 2.14. 

When a person eats disaccharides and polysaccharides, 
or when the stored glycogen in the liver and muscles is to 
be used by tissue cells, the covalent bonds that join mono- 
saccharides into disaccharides and polysaccharides must be 
broken. These digestion reactions occur by means of hydroly- 
sis (hi-drol “i-sis). Hydrolysis is the reverse of dehydration 
synthesis. A water molecule is split, as implied by the word 
hydrolysis, and the resulting hydrogen atom is added to one 
of the free glucose molecules as the hydroxyl group is added 
to the other (fig. 2.15). 

When a potato is eaten, the starch within it is 
hydrolyzed into separate glucose molecules within the 
small intestine. This glucose is absorbed into the blood 
and carried to the tissues. Some tissue cells may use this 
glucose for energy. Liver and muscles, however, can store 
excess glucose in the form of glycogen by dehydration syn- 
thesis reactions in these cells. During fasting or prolonged 
exercise, the liver can add glucose to the blood through 


SOSH eRe Re eee eee eeeeesEseseseseseaES 


hydrolysis. Gk. Aydor, water, lysis, break 
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FIGURE 2.14 


Dehydration synthesis of two disaccharides: (a) maltose and (b) sucrose. Note 
that as the disaccharides are formed, a molecule of water is produced. 


Water 


H HH HH H oH H 
(a) t 
HO fe) fe) fe) O etc. + H20 | — 
Starch 
H HH H H HH On 
+ 
HO OH iS OH etc. 
Maltose 
} H HH H H H H H 
+ —e + 
(b) Oo 1H. } 
HO OH HO OH OH 
Maltose + Water ——> Glucose + Glucose 
FIGURE 2.15 
The hydrolysis of starch (a) into disaccharides (maltose) and In this way, the hydrogen atom and hydroxy] group from 


(b) into monosaccharides (glucose). Notice that as the covalent 
bond between the subunits breaks, a molecule of water is split 


water are added to the ends of the released subunits 
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FIGURE 2.16 


Structural formulas for (a) saturated and (b) unsaturated fatty acids. 


hydrolysis of its stored glycogen. Dehydration synthesis 
and hydrolysis reactions do not occur spontaneously; they 
require the action of specific enzymes. Similar reactions, in 
the presence of other enzymes, build and break down 
lipids, proteins, and nucleic acids. In general, therefore, 
hydrolysis reactions digest molecules into their subunits, 
and dehydration synthesis reactions build larger molecules 
by the bonding together of their subunits. 

Linds 

The category of molecules known as lipids includes several 
types of molecules that vary widely in chemical structure. 
These diverse molecules are all in the lipid category by virtue 
of a common physical property—they are all insoluble in polar 
solvents such as water. This is because lipids consist primar- 
ily of hydrocarbon chains and rings, which are nonpolar and, 
thus, hydrophobic. Although lipids are insoluble in water, 
they can be dissolved in nonpolar solvents, such as ether, 
benzene, and related compounds. 


Triglycerides Triglycerides are a subcategory of lipids that 
includes fat and oil. These molecules are formed by the 
condensation of one molecule of glycerol (glis @-rol) (a three- 
carbon alcohol) with three molecules of fatty acids. Each 
fatty acid molecule consists of a nonpolar hydrocarbon 
chain with a carboxyl group (abbreviated COOH) on one 


end. If the carbon atoms within the hydrocarbon chain are 
joined by single covalent bonds so that each carbon can 
also bond to two hydrogen atoms, the fatty acid contains 
the maximum number of hydrogen atoms and is said to be 
saturated. If there are a number of double covalent bonds 
within the hydrocarbon chain so that each carbon can 
bond to only one hydrogen atom, the fatry acid is said to be 
unsaturated. Triglycerides that contain saturated fatty acids 
are called saturated fats; those that contain unsaturated 
fatty acids are unsaturated fats (fig. 2.16). 

Within the adipose cells of the body, triglycerides are 
formed as the carboxylic acid ends of fatty acid molecules 
condense with the hydroxyl groups of a glycerol molecule 
(fig. 2.17). Since the hydrogen atoms from the carboxyl ends 
of fatty acid molecules form water molecules during dehy- 
dration synthesis, fatty acids that are combined with glyc- 
erol can no longer release H* and function as acids. For this 
reason, triglycerides are described as neutral fats. 


Ketone Bodies Hydrolysis of triglycerides within adipose 
tissue releases free fatty acids into the blood. Not only can 
free fatty acids be used as an immediate source of energy by 
many organs, they also can be converted by the liver into deriv- 
atives called ketone bodies. These include four-carbon-long 
acidic molecules (acetoacetic acid and B-hydroxyburyric 
acid) and acetone (the solvent in nail polish remover). A 
rapid breakdown of fat, such as occurs during dieting and 
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Fatty acid 


Carboxylic R 
Hydrocarbon chain 


Glycerol acid 


FIGURE 2.17 

Dehydration synthesis of a triglyceride molecule {rom a glycerol 
and three fatty acids. A molecule of water is produced as an ester 
bond forms between each fatty acid and the glycerol. Sawtooth 
lines represent carbon chains, which are symbolized by an R. 


in uncontrolled diabetes mellitus, results in elevated levels 
of ketone bodies in the blood—a condition called ketosis. 
If there are sufficient amounts of ketone bodies in the blood 
to lower the blood pH, the condition is called ketoacido- 
sis. Severe ketoacidosis in uncontrolled diabetes mellitus 
can lead to coma and death. 


Phospholipids The class of lipids known as phospholipids 
includes a number of categories of lipids, all of which contain 
a phosphate group. In the most common type of phospholipid 
molecule, the three-carbon glycerol is attached to two fatty 
acids, the third carbon atom of the glycerol 1s attached to a 
phosphate group, and the phosphate group ts, in turn, bonded 
to a nitrogen-containing choline group. The phospholipid 
molecule thus formed is known as lecithin (fig. 2.18). Figure 
2.18 shows a simple way of illustrating the structure of a phos- 
pholipid. The parts of the molecule capable of ionizing (and 
thus becoming charged) are shown as a circle, whereas the 
nonpolar parts of the molecule are represented by lines. 
Since the nonpolar ends of phospholipids are 
hydrophobic, they tend to group together when mixed in 
water. This allows the hydrophilic parts, which are polar, 


Triglyceride 


Ester Hydrocarbon 
Glycerol bond chain 
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FIGURE 2.18 


The structure of lecithin, a typical phospholipid (top) and its more 
simplified representation (bottom) 
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blood clotting, and many other processes. Some of 
the different types of prostaglandins are shown 


in figure 2.21. 


to face the surrounding water mole- 
cules (fig. 2.19). Such aggregates 


of molecules are called 
micelles (mi-selz’). The @ 


dual nature of phospho- 


lipid molecules (part 
polar, part nonpolar) 
enables them to form 


Proteins are large molecules composed of 


the major component 
amino acid subunits. Sice there are 20 
different types of ammo acids that can be 
used in constructing a given protem, the 
variety of protem structies ts ummense. 
This variety allows each type of protem to 
be constructed so that it can perform very 


specific functions. 


of the cell membrane 
and also to alter the 
structure of water and 
decrease its surface 
tension. This latter 
function of phospho- 


@, 


lipids, which makes 

them surfactants (surface- @ 
active-agents), prevents 
collapse of the lungs. 


Steroids Although the struc- 
ture of steroid molecules isquite FIGURE 2.19 

different from that of triglyc- The formation of a micelle 
erides or phospholipids, steroids — structure by phospholipid 
are still included in the lipid molecules 

category of molecules because 

they are nonpolar and insoluble in water. All steroid mole- 
cules have the same basic structure: three six-carbon rings CH,OH 
are jomned to one five-carbon ring (fig. 2.20). However, dif- 
ferent kinds of steroids have different functional groups 
attached to this basic structure, and they vary in the num- 
ber and position of the double covalent bonds between the 
carbon atoms tn the rings. 


Cholesterol 1s an important molecule in the body 
Cortisol 


because it serves as the precursor (parent molecule) for the Zz 
~ ve 7 o~ (hydrocortisone) 
steroid hormones produced by the gonads and adrenal cor- 
tex. The testes and ovaries (collectively called the gonads) 
secrete sex steroids, which include estradiol and proges- 
OH 


terone from the ovaries and testosterone from the testes. 
The adrenal cortex secretes the corticosteroids, including 
hydrocortisone and aldosterone, among others. 


Prostaglandins = Prostaglandins are a type of fatty acid (with 


acyclic hydrocarbon group) that have a variety of regula- Cis 


FS : - - 4 fA 
tory functions. Although their name derives from the fact fe) Testosterone 
that they were originally noted in the semen as a secretion of 
the prostate, has since been shown that they are produced 
by and active in almost all tissues. Prostaglandins are impli- OH 


cated in regulating the diameter of blood vessels, ovulation, 
uterine contraction during labor, inflammation reactions, 


FIGURE 2.20 
Cholesterol and some steroid hormones derived Crs 
from cholesterol HO Estradiol 
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Structure of Proteins Proteins consist of long chains of subunits called amino 


acids. As the name implies, cach amino acid contains an 


The enormous diversity of protein (pro ‘tén “) structure amino group (NI 1)) on one end of the molecule and a car- 
results from the fact that 20 different building blocks, the boxylic acid group (COOH) on another end. As mentioned 
amino acids, can be used to form a protein. The amino previously, there are approximately 20 ditterent amino acids 
acids are joined together to form a chain that can twist with different structures and chemical properties that are 
and fold in a specific manner due to chemical interactions used to build proteins. These ditferences are due to differ- 
between the amino acids. The specific sequence of amino ences in the functional groups of these amino acids. The 
acids in a protein, and thus the specific functional struc- abbreviation for the functional group in the general formula 
ture of the protein, is determined by genetic information. for an amino acid is “R.” (fig. 2.22). The R symbol actually 
This venetic information tor protein synthesis Is contained stands for the word residue, but it can be thought of as indi- 
in another category of organic molecules, the nucleic acids. cating the rest of the molecule. 


The structure of nucleic acids, and the mechanisms by 
which the genetic information they 
encode directs protein synthesis, is mee 
described in chapter 3. 
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Chapter Two 


When amino acids are joined 
together by dehydration synthesis, 
the hydrogen from the amino end of 
one amino acid combines with the 
hydroxyl group of the carboxylic 
acid end of another amino acid. As 
a covalent bond is formed between 
the two amino acids, water is pro- 
duced (fig. 2.23). The bond between 
adjacent amino acids is called a pep- 
tide bond, and the compound 
formed is called a peptide. When 
many amino acids are joined in this 
way, a chain of amino acids, or a 
polypeptide, is produced. The 
lengths of polypeptide chains vary 
widely. A hormone called thy- 
rotropin-releasing hormone, for exam- 
ple, is only three amino acids long, whereas myosin 
(mi‘d-sin), a muscle protein, contains about 4500 amino 
acids. When the length of a polypeptide chain becomes 
very long (greater than about 100 amino acids), the mole- 
cule is called a protein. 

The structure of a protein can be described at four 
different levels. At the first level, the sequence of amino 
acids in the protein, called the primary structure of the 
protein, is described. Each type of protein has a different 
primary structure. All of the billions of copies of a given 
type of protein in the body, however, have the same struc- 
ture, because the structure of a given protein is coded by 
the genes. The primary structure of a protein is illustrated 
in figure 2.24a. 

Weak interactions (such as hydrogen bonds) between 
amino acids in nearby positions in the polypeptide chain 
cause this chain to twist into a helix. The extent and location 
of the helical structure is different for each protein because 
of differences in amino acid composition. A description of 
the helical structure of a protein is termed its secondary 
structure (fig. 2.24b). 

Most polypeptide chains bend and fold upon them- 
selves to produce complex three-dimensional shapes, called 
the tertiary structure of the proteins. Each type of protein 
has its own characteristic tertiary structure. This is because 
the folding and bending of the polypeptide chain ts pro- 
Juced by chemical interactions between particular amino 
acids that are located in different regions of the chain. 

Most of the tertiary structure of proteins iy formed and 
stabilized by weak chemical interactions between the func- 
tional (R) groups of widely spaced amino acids. Since most 
of the tertiary structure is stabilized by weak bonds, this 
structure can be easily disrupted by high temperatures or by 


FIGURE 2.23 


The formation of peptide bonds by dehydration synthesis reactions between amino acids. 
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changes in pH. Irreversible changes in the tertiary structure 
of proteins produced by this means are referred to as dena- 
turation (de-na“chur-a‘shun) of the proteins. The tertiary 
structure of some proteins is made more stable by strong 
covalent bonds between sulfur atoms (called disulfide bonds 
and abbreviated S-S) in the functional group of an amino 
acid known as cysteine (fig. 2.25). 

Denatured proteins retain their primary structure (the 
peptide bonds are not broken) but have altered chemical 
properties. Cooking a pot roast, for example, alters the tex- 
ture of the meat proteins—it doesn’t result in an amino acid 
soup. Denaturation is most dramatically demonstrated by 
frying an egg. Egg albumin proteins are soluble in their 
native state, in which they form the clear, viscous fluid of a 
raw egg. When denatured by cooking, these proteins change 
shape, cross-bond with each other, and by this means form 
an insoluble white precipitate—the egg white. 

Some proteins (such as hemoglobin and insulin) are 
composed of a number of polypeptide chains covalently 
bonded together. This is the quaternary structure of these 
proteins. Insulin, for example, is composed of two polypep- 
tide chains—one that is 21 amino acids long and the other, 
30 amino acids long. Hemoglobin (the protein in red blood 
cells that carries oxygen) is composed of four separate 
polypeptide chains, as indicated in table 2.4 along with the 
compositions of other body proteins. 

Many proteins in the body are normally found com- 
bined, or conjugated, with other types of molecules. Gly- 
coproteins are proteins conjugated with carbohydrates. 
Examples of such molecules include certain hormones and 
some proteins found in the cell membrane. Lipoproteins 
are proteins conjugated with lipids. These are found in cell 
membranes and in plasma (the fluid portion of the blood). 


FIGURE 2.24 
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structure and 
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The tertiary structure 

of a protein. RES onic'bone 
(a) interactions : 

between -O—C=0 


functional (R) 
groups of amino 
acids result in Hydrophobic 
(b) the formation bonds 

of complex three- 
dimensional 
shapes of proteins 


Hydrogen 
bond 


) 
| Disulfide bond 
Ss 


(a) (b) 


Downloaded from Durr-e-Danish Library 


Chapter Two 


Proteins conjugated with pigment molecules 
are chromoproteins. These include hemo- 
globin, which transports oxygen in red 
blood cells, and the cytochromes, which are 
needed for oxygen utilization and energy 
production within cells. 


functions of Proteins 


Because of their tremendous structural diver- 
sity, proteins can perform a wider variety of 
functions than any other type of molecule in 
the body. Many proteins, for example, con- 
tribute significantly to the structure of dif- 
ferent tissues, and in this capacity play a 
passive role in the functions of these tissues. 
Examples of such structural proteins are col- 
lagen (fig. 2.26) and keratin. Collagen is a 
fibrous protein that provides tensile strength 
to connective tissues, such as tendons and 
ligaments. Keratin is found in the outer layer 
of dead cells in the epidermis, where it serves 
to prevent water loss through the skin. 
Many proteins play a more active role 
in the hody where specialized structure and 
function are required. Enzymes and antibod- 
ies, for example, are proteins—no other type 
of molecule could provide the vast array of 
different structures needed for their func- 
tions. Proteins in cell membranes serve as 
receptors for specific regulator molecules 
(such as hormones) and as carviers that trans- 
port specific molecules across the membrane. 
Because they are so diverse in shape and 
chemical properties, proteins can provide the 
specificity these functions require. 


chromoprotein: Gk. chroma, color; proteios, of the first quality 


— 


Table o.4 ‘Composition of selected body proteins 


Function 


et een 


Protein Number of Nonprotein 
polypeptide component 
chains 

Hemoglobin 4 Heme pigment 

Myoglobin 1 Heme pigment 

Insulin 2 None 

Luteinizing 1 Carbohydrate 

hormone 

Fibrinogen 1 Carbohydrate 

| Mucin 1 Carbohydrate 

Blood group 1 Carbohydrate 

proteins 


Lipoproteins 1 Lipids 


Carries oxygen in the blood 
Stores oxygen in muscle 
Hormone that regulates 


metabolism 
Hormone that stimulates gonads 


Aids in blood clotting 
Forms mucus 
Produces blood types 


Transports lipids in blood 


SS al 


FIGURE 2.26 


A photomicrograph of collagenous fibers within 


Collagenous 
fibers 


Elastic fibers 


connective tissue. 
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Chapter oummary 


Atoms, lons, and Molecules (pp. 22-29) 


1. Covalent bonds are formed by atoms that 
share electrons They are the strongest 
type of chemical bonds. 

a. Electrons are equally shared in 
nonpolar covalent bonds and 


. Atoms of oxygen, nitrogen, and 


unequally shared in polar covalent 2. 
bonds. 


phosphorus strongly attract electrons a 
and become electrically negative 

compared to the other atoms sharing 

electrons with them 


lonic bonds are formed by atoms that 
transfer electrons. These weak bonds join 
atoms together in an ionic compound. 


The atom in an ionic compound that 
takes the electron from another atom 
gains a net negative charge, the other 
atom becomes positively charged. 
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b. lonic bonds break easily when the 
ionic compound is dissolved in water. 
Dissociation of the ionic compound 
yields charged atoms called ions. 

3. When hydrogen is bonded to an 
electronegative atom, it gains a slight 
positive charge and is weakly attracted to 
another electronegative atom. This weak 
attraction is a hydrogen bond. 

4. Acids donate hydrogen tons to a solution, 
whereas bases lower the hydrogen ion 
concentration of a solution. 

a. The pH scale is a negative function of 
the logarithm of the hydrogen ion 
concentration. 

b. Ina neutral solution, the concentration 
of H* is equal to the concentration of 
OH-, and the pH is 7. 

c. Acids raise the H* concentration, and 
thus lower the pH below 7. Bases 
lower the H* concentration, and thus 
raise the pH above 7. 

5. Organic molecules contain atoms of 
carbon joined by covalent bonds. Atoms 
of nitrogen, oxygen, phosphorus, or 
sulfur may be present as specific 
functional groups in the organic 
molecule. 


Review Activities 


Objective Questions 
1. Which of the following statements about 

atoms is true? 

a. They have more protons than 
electrons 

b. They have more electrons than 
protons. 

c. They are electrically neutral. 

d. They have as many neutrons as they 
have electrons. 

2. The bond between oxygen and hydrogen 

in a water molecule is 

a. ahydrogen bond 

b. a polar covalent bond. 

c. anonpolar covalent bond. 

d. anionic bond 

3. Which of the following is a nonpolar 

covalent bond? 

a the bond between two carbons 

b. the bond between sodium and chloride 

c. the bond between two water 
molecules 

d. the bond between nitrogen and 
hydrogen 


Carbohydrates and Lipids (pp. 29-34) 


1. Carbohydrates contain carbon, hydrogen, 
and oxygen, usually in a ratio of 1:2:1. 


a. 


Carbohydrates consist of simple 
Sugars (monosaccharides), 
disaccharides, and polysaccharides 
(such as glycogen) 

Covalent bonds between 
monosaccharides are formed by 
dehydration synthesis, or 
condensation. Bonds are broken by 
hydrolysis reactions 


2. Lipids are organic molecules that are 
insoluble in polar solvents like water. 


a. 


Triglycerides (fat and oil) consist of 
three fatty acid molecules joined to a 
molecule of glycerol 

Ketone bodies are smaller derivatives 
of fatty acids 

Phospholipids (such as lecithin) are 
phosphate-containing lipids that have 
a polar group, which is hydrophilic. 
The rest of the molecule is 
hydrophobic. 

Steroids (including the hormones of 
the adrenal cortex and the gonads) are 
lipids with a characteristic five-ring 
structure. 


4. Solution A has a pH of 2 and solution B 
has a pH of 10. Which of the following 
statements about these solutions is true? 


a. 


b. 
C. 
d. 


Solution A has a higher H* 
concentration than solution B. 
Solution B is basic. 

Solution A is acidic. 

All of the above are true. 


5. Glucose is 


a. 
b. 
C. 
d. 


a disaccharide. 

a polysaccharide. 
a monosaccharide. 
a phospholipid. 


6. Digestion reactions occur by means of 


a. 
D. 


dehydration synthesis. 
hydrolysis. 


7. Carbohydrates are stored in the liver and 
muscles in the form of 


a 


b. 
C. 
d. 


glucose. 
triglycerides. 
glycogen. 
cholesterol 


e. Prostaglandins are a family of cyclic 
fatty acids that serve a variety of 
regulatory functions. 


Proteins (pp. 34-38) 


. Proteins are composed of long chains of 
amino acids bonded together by covalent 


peptide bonds 

a. Each amino acid contains an amino 
group, a carboxyl group, anda 
functional group that ts different for 
each of the more than 20 different 
amino acids. 

b. The polypeptide chain may be twisted 
into a helix (Secondary structure) and 
bent and folded to form the tertiary 
structure of the protein 

c. Proteins that are composed of two or 
more polypeptide chains are said to 
have a quaternary structure 

d. Proteins may be combined with 
carbohydrates, lipids, or other 
molecules 

e. Because they are So diverse 
structurally, proteins serve a wider 
variety of specific functions than any 
other type of molecule. 


8. Lecithin is 


a. acarbohydrate. 
b. aprotein 
c. asteroid. 
d. a phospholipid 


9. Which of the following lipids have 


regulatory roles in the body? 
a. steroids 

b. prostaglandins 

c. triglycerides 

d. bothaandb 

e. both bandc 


10. The tertiary structure of a protein is 


directly determined by 

a. the genes. 

b. the primary structure of the protein. 

c. enzymes that mold the shape of the 
protein. 

d_ the position of peptide bonds. 


_ The type of bond formed between two 


molecules of water Is 

a. anionic bond 

b. apolar covalent bond 

c. anonpolar covalent bond 
d. ahydrogen bond. 


Chemical Composition of the Body 
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Chapter Two 


The carbon-to-nitrogen bond that joins 
amino acids together in a protein is called 
a. a glycosidic bond. 

b. a peptide bond. 

c. a hydrogen bond. 

d. adouble bond. 


Essay Questions 


1. Compare and contrast nonpolar covalent 
bonds, polar covalent bonds, and ionic 
bonds. 

2. Define acid and base and explain how 
acids and bases influence the pH of a 
solution. 

3. With reference to dehydration synthesis 
and hydrolysis reactions, describe the 


relationships between starch in an 
ingested potato, liver glycogen, and blood 


glucose. 


_ All fats are lipids, but not all lipids are 


fats. Explain why this is an accurate 
statement. 


_ Describe the relationship between the 


primary structure of a protein and its 
secondary and tertiary structures. 
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Discuss the processes of amoeboid motion 

and phagocytosis. 


Describe the structure and function of cilia 
and flagella. . os 


Describe the structure and functions of the 
cytoskeleton and of lysosomes. 


Describe the structure of mitochondria and the 
endoplasmic reticulum and discuss their sign 


Describe the structure of DNA and RNA nucleotides 
and explain the law of complementary base pairing. 
Discuss the process of RNA synthesis and distinguis 
between the different types of RNA. 
Explain how RNA directs the synthesis of proteins. 
Describe the functions of MRNA, tRNA, and rRNA. 


Explain how codons and anticodons function in 
protein synthesis. 


Describe the functions of the rough endoplasmic 
reticulum and the Golgi apparatus in the packaging 
and secretion of proteins. 


Explain how DNA replicates itself and state the events 
that occur during each phase of the cell cycle. 


Describe the difterent phases of mitosis and the 
function of mitosis. 


Explain how meiosis differs trom mitosis and state 
the function of meiotic cell division. 
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Cell Membrane and 


Associated Structures 


The cell is the fundamental structural and functional unit in the body. 
Many of the functions of cells are performed by parucular subcellular 
structures known as organelles. The cell membrane 15 an extremely 
iMportant structure that regulates the passage of substances into and out 
of the cell and participates in cellular movements. 


The cell appears so small and simple when viewed with the 
ordinary (light) microscope that it is difficult to conceive 
of each cell as a living entity unto itself. Equally amazing is 
that the physiology of organs and systems derive from the 
complex functions of the cells of which they are composed. 
Complexity of function demands complexity of structure 
even at the subcellular level. 

As the basic functional unit of the body, each cell is a 
highly organized molecular factory. Cells come ina great vari- 
ety of shapes and sizes. This great diversity, which is also appar- 
ent in the subcellular structures within different cells, reflects 
the diversity of function of different cells in the body. All cells, 
however, share certain characteristics; for example, they are all 
surrounded by a cell membrane and most of them possess the 
structures listed in table 3.1. Thus, although no single cell can 
he considered typical, the 
general structure of cells can 
be indicated by a single ilus- 
tration (fig. 3.1). 

For descriptive pur- 
poses, a cell can be divided 
into three principal parts: 


Secretion 
granule 


Centnole 


Nucleolus: 


1 The cell (plasma) 
membrane. The cell iiedaun 
membrane surrounds the cell, 
gives it form, and separates 
the cell's internal structures 
from the extracellular 
environment. The structure of 
the cell membrane permits 
selective Communication 


herween the intracellular and 
extracellular compartments 


Smooth 
endoplasmic 
reticulum 


2 The cytoplasm and 
organelles (or ud-nelz’). The 
cytoplasm ry the aqueous 
content of a cell between the 


nucleus and the cell 


aqueous L aqua, water 


membrane. Organelles are subcellular structures within the 


cytoplasm of a cell that perform specific functions. 


3 The nucleus. The nucleus is a large, generally spheroid body 
within a cell. It contains the DNA (genetic material) that directs 


the cell's activities. 


Structure of the Cell Membrane 


Because both the intracellular and extracellular environ- 
ments (or compartments) are aqueous, a barrier must he 
present to prevent the loss of such water-soluble cellular 
molecules as enzymes and nucleotides. Since this barrier 
cannot itself be composed of water-soluble molecules, tt 
makes sense that the cell membrane should be composed 
of lipids. 

The cell membrane (also called the plasma membrane, 
or plasmalemma), and indeed all of the membranes sur- 
rounding organelles within the cell, are composed primari- 
ly of phospholipids and proteins. Phospholipids, as described 
in chapter 2, are polar on the end that contains the phos- 
phate group and nonpolar (and hydrophobic) throughout 


Golgi apparatus 


Nuclear envelope 


Mitochondnon 


Lysosome 


Chromatin 


Cell membrane 


Microtubule 


Rough 
endoplasmic 
reticulum 


Cytoplasm 


Ribosome 


TD FIGURE 3.1 


A generalized cell and the principal organelles 
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Table a] Structure and function of cellular components 


- Compone 

egeonent Structure 
Cell (plasma) membrane Membrane composed of phospholipid and protein 
* ' molecules 
Cy toplasm Fluid, jellylike substance between the cell membrane 


and the nucleolus in which organelles are suspended 


Endoplasmic reticulum 
4 canals and tubules 


Ribos om es 


Golgi 2 pparatus Cluster of flattened, membranous sacs 


Mitochondria 


partitions 


Single-walled membranous sacs 


Spherical membranous vesicles 


Membranous sacs 


Is and microtubules Thin, hollow tubes 
7 


id flagella 


ir membrane 


protein and lipid molecules 


— Dense, nonmem Na nous mass ) 


the rest of the molecule. Since there is an aqueous environ- 
ment on each side of the membrane, the hydrophobic parts 
of the molecules huddle together in the center of the mem- 


brane, leaving the polar ends exposed to water on both sur- 
faces. This results in the formation of a double layer of 
phospholipids in the cell membrane. 

The hydrophobic core of the membrane restricts the 
passage of water and water-soluble molecules and tons. Cer- 
tain of these polar compounds, however, do pass through 
the membrane. The specialized functions and selective: 
transport properties of the membrane are believed to be due 
toits protemn content. Some proteins are found partially sub- 
merged on cach side of the membrane; other protems span 
the membrane completely trom one side to the other. Since 
the membrane 1s not solid—phospholipids and proteims are 
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System of interconnected membrane-forming 


Granular particles composed of protein and RNA 


Double-walled membranous sacs with folded inner 


Nonmembranous mass of two rodlike centrioles 


Minute cytoplasmic extensions from cell 


Membrane surrounding nucleus composed of 


Function 


Gives form to cell and controls passage of m 
in and out of cell 


Serves as matrix substance in which chemical — 
reactions occur , 


Smooth endoplasmic reticulum metabolizes non 
compounds and stores Ca** in striated muscle cells 
rough endoplasmic reticulum assists in protein synthesis 


Synthesize proteins a 


Synthesizes carbohydrates and packages molecules 
for secretion; secretes lipids and glycoprotei 


Release energy from food molecules and transft 
energy into usable ATP 


Digest foreign molecules and worn and damaged ¢ 


Contain enzymes that produce hydrogen peroxide 
and use this for various oxidation reactions 


Helps organize spindle fibers and distribute 
chromosomes during mitosis 


Store and excrete various substances within the 
cytoplasm 


Support cytoplasm and transport materials with 
the cytoplasm 


Move particles along surface of cell or move cr 


Supports nucleus and controls passage of mi tel 
between nucleus and cytoplasm 


= 


free to move laterally—the proteins within the phospho- 
lipid sea are not uniformly distributed, but rather forma 
constantly changing mosaic pattern. This structure is known 
as the fluid-mosaic model of membrane structure (fig. 3.2). 

The proteins found in the cell membrane serve a variety 
of functions. Some function in structural support, transport 
of molecules across the membrane, or in the enzymatic control 
of chemical reactions at the cell surtace. Others function as 
receptors tor hormones and other regulatory molecules that 
arrive at the outer surtace of the membrane. 

In addition to lipids and proteins, the cell membrane 
also contains carbohydrates, which are primarily attached 
to the outer surtace of the membrane as glye oprotems and 
ulycolipids. These surtace carbohydrates have many nega- 
tive Charges; consequently, they attect the interaction of 
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Extracellular side 


Glycolipid 


Cholesterol 


Intracellular side 


FIGURE 3.2 

The fluid-mosaic model of the cell membrane. The membrane 
consists of a double layer of phospholipids, with the phosphates 
(shown by spheres) oriented outward and the hydrophobic 


regulatory molecules with the membrane. The negative 
charges at the surface also affect interactions between 
cells—they help keep red blood cells apart, for example. 
Stripping the carbohydrates from the outer red blood cell 
surface results in their more rapid destruction by the liver, 


spleen, and bone marrow. 


Adaptations of the bell Membrane 


The dynamic nature of the cell membrane and the presence 
of specialized structures at the cell surface permit the cells to 
move through their environment and materials to move 
along the cell surface. Other adaptations of the cell mem- 
brane function to improve the transport of materials between 
the intracellular and extracellular compartments. 


Carbohydrate 


Nonpolar 
ends 


Polar 
ends 


Phospholipids 


Proteins 


hydrocarbons (wavy lines) oriented toward the center. Proteins 


may completely or partially span the membrane Carbohydrates 
are attached to the outer surface. 


Amoeboid Movement and Phagocytosis Some body 
cells, including cerrain white blood cells and macrophages 
in connective tissues, are able to move in the manner of an 
amoeba (a single-celled organism). This amoeboid move- 
ment is achieved through the extension of parts of the 
cytoplasm to form pseudopods (soo ‘dd-podz), which attach 
to a substrate and pull the cell along. 

Cells that display amoeboid movement—as well as 
certain liver cells, which are not mobile—use pseudopods to 
surround and engulf particles of organic matter (such as 
bacteria). This process is a type of cellular eating called 


PPO P ROH e eee eee Heer eeeEeeeseseEeeS 


pseudopod Gk. pseudes, alse: pod, foot 
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(a) 


FIGURE 3.3 


Seanning electron micrographs of phagocytosis showing (a) the formation 
of pseudopods and (b) the entrapment of the prey within a food vacuole. 


phagocytosis (fag “‘6-si-to sis) that serves to protect the body 
from invading microorganisms and to remove extracellular 
debris. Phagocytic cells surround their victims with 
pseudopods, which join together and fuse (fig. 3.3). After 
the inner membrane of the pseudopods becomes a contin- 
uous membrane around the ingested particle, it pinches off 
from the cell membrane. The ingested particle is now con- 
tained in an organelle called a food vacuole within the cell. 
The particle will subsequently be digested by enzymes con- 
tained in a different organelle—the lyosome, described in a 
later section. 

Pinocytosis (pin ‘6-si-to‘sis) 1s a related process per- 
formed by many cells. Instead of forming pseudopods, the 
cell membrane invaginates to produce a deep, narrow fur- 
row. The membrane near the surtace of this furrow then 
fuses, and a small vacuole containing the extracellular fluid 
is pinched off and enters the cell. In this way, a cell can take 
in large molecules, such as proteins, which may be present in 
the extracellular tuid. 

Endocytosis Phagocytosis and pinocytosis, in which part 
of the cell membrane invaginates to form first a pouch and 
then a vacuole, are wo means by which extracellular mate- 
rials can be engulted by a cell. The general term for this 
process ts endocytosis. Another type of endocytosis involves 
the smallest area ot cell membrane, and it occurs only with 
specitic molecules in the extracellular environment. Since 


Peewee eee eee ease aeeseeeeeeeeeeeeeee 


s 


pinocytosis Gk pinen, to drink. kyfos. hollow body 


phagocytosis Gk phagein to eat. Ayfos hollow body vacuole L vacuus. empty 


the extracellular molecules must bond to very spe- 
cific receptor proteins in the cell membrane, this 
process is known as receptor-mediated endocytosis 

In receptor-mediated endocytosis, the inter- 
action of specific molecules in the extracellular fluid 
with specific membrane receptor proteins causes 
the membrane to invaginate, fuse, and pinch off to 
form a vesicle, which ts a small vacuole (tig. 3.4). 
Vesicles formed in this way contain extracellular 
fluid and molecules that could not have passed into 
the cell by other means. Cholesterol attached ro 
specific proteins, for example, is taken up into artery 
cells by receptor-mediated endocytosis. (This ts in 
part responsible for the vascular disorder, athero- 


sclerosis, as described in chapter 21.) 


Exocytosis = Proteins and other molecules produced 
within the cell that are destined for export (secre- 
tion) are packaged inside of the cell within vesicles 
by an organelle known as the Golgi (gol ’ je) appara- 
tus. In the process of exocytosis, these secretory vesicles tuse 
with the cell membrane and release their contents into the 
extracellular environment (see fig. 3.25). This process adds 
new membrane material, which replaces what was lost trom 
the cell membrane during endocytosis. 

Endocytosis and exocytosis account for only part of the 
two-way traffic between the intracellular and extracellular 
compartments. Most of this traffic is due to membrane trans- 
port processes—the movement of molecules and ions 
through the cell membrane (see chapter 5). 


Cilia and Flagella Cilia (sil‘e-%) are tiny hairlike struc- 
tures that protrude from the cell and, as in the coordinated 
action of oarsmen ina boat, stroke in unison. Cilia in the 
human body are found on the apical surface (the surface 
facing the lumen, or cavity) of stationary epithelial cells in 
the respiratory system and female reproductive tract. In the 
respiratory system, the cilia transport strands of mucus to 
the throat (pharynx), where the mucus can either be swal- 
lowed or expectorated. In the female reproductive tract, 
ciliary movements in the epithelial lining of the uterine 
tube draw the egg (ovum) into the tube and move it along 
toward the uterus. 

Spermatozoa are the only cells in the human body that 
have flagella (fla-jel&). The flagellum is a single, whiplike 
structure that propels the sperm cell through irs environment. 
Both cilia and flagella are composed of microtubules (formed 


SOR e teem em eee tees eeeeeeeeeseeEeses 


cilia Loci, small hair 
flagellum L fagrum, whip 
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C20 FIGURE 3.4 
Stages 1-4 of endocytosis, in which specific bonding of 
extracellular particles to membrane receptor proteins occurs. 


from proteins) arranged in a characteristic way. One pair of 
microtubules in the center of a cilum or flagellum is sur- 
rounded by nine other pairs of microtubules to produce what 


is often described as a “9 + 2” arrangement (fig. 3.5). 


Microvilli. In areas of the body that are specialized for rapid 
diffusion, the surface area of the cell membranes may be 
increased by numerous folds. The rapid passage of the products| 
of digestion across the epithelial lining in the small intestine, 
for example, ts aided by this type of structural adaptation. The 
apical surface of the epithelial cells in the small intestine ts 
increased by many tiny folds that form ftingerlike projections 
called microvilli (fig. 3.6). Similar microvilli are tound in the 
epithelium of the kidney tubules, which must reabyorb various 
molecules that are filtered out of the blood. 


TUTE PTT eee 


microvillus mukros. small. L villus, shaggy hair 


Cytoplasm and Its Organelles 


Many cell functions that are performed im the cytoplasmic 
compartment result from the activity of specific structures called 
organelles. Among these are the lysosomes, which contain digestive 


enzymes, and the mitochondria, where most of the cellular energy 1s 
produced. Other organelles participate m the svnthests and secretion 
of cellular products 


[ytoplasm and Cytosheleton 


The jellylike matrix within a cell (exclusive of that with- 
inthe nucleus) is known as cytoplasm (si td-plauz “em). 
When viewed in a microscope without spectal techniques, 
the cytoplasm appears to be uniform and unstructured. 
This, however, is not the case. The cytoplasm ts actually a 
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FIGURE 3.6 

Microvilli (labeled Mv) in the small intestine, as seen with the 
transmission (a) and scanning (b) electron microscope. (TW is 
the terminal web.) 


highly organized structure in which prorein fibers, in the 
form of microtubules and microfilaments, are arranged in a 
complex lattice. Using thuorescence microscopy, these 
structures can be visualized with the aid of antibodies 
against their protein components (fig. 3.7). The inter- 
connected microfilaments and microtubules are believed 


.. FIGURE 3.5 

~ Electron micrographs of cilia showing 

-. (a) longitudinal and (b) cross sections. 
(Note the characteristic "9 + 2” arrangement 
vof microtubules in the cross sections.) 
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to provide structural organization for cytoplasmic enzymes 
and support for various organelles. 

The lattice of microfilaments and microtubules is thus 
said to function as acytoskeleton (fig. 3.8). The structure 
of this skeleton is not rigid; it has been shown to be capa- 
ble of quite rapid reorganization. Contractile proteins 
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FIGURE 3.7 

An immunofluorescence photograph of microtubules forming the 
cytoskeleton of a cell. Microtubules are visualized with the aid of 
antibodies against tubulin, the major protein component of the 


microtubules. 


(including actin and myosin, which are responsible for 
muscle contraction) may be able to shorten the length of 
some microfilaments. The cytoskeleton may thus represent 
the cellular musculature. Microtubules, for example, form 
the spindle apparatus that pulls chromosomes away from 
each other in cell division; they also form the central parts 
of cilia and flagella. 


lysosomes 


After a phagocytic cell has engulfed a particle of food (such 
as a bacterium), the engulfed particle is still kept isolated 
from the cytoplasm by the membranes surrounding the food 
vacuole. The large molecules of proteins, polysaccharides, 
and lipids within the particle must first be digested into 
their smaller subunits (amino acids, monosaccharides, and 
so on) before they can cross the vacuole membrane and 
enter the cytoplasm. 
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FIGURE 3.8 


A diagram showing how microtubules form the cytoskeleton. 


The digestive enzymes of a cell are isolated from the 
cytoplasm and concentrated within membrane-bound 
organelles called lysosomes (li‘sé-somz) (fig. 3.9). A pri- 
mary lysosome contains only digestive enzymes. A primary 
lysosome may fuse with a food vacuole (or with another 
cellular organelle) to form a secondary lysosome, in which 
worn-out organelles and the products of phagocytosis can be 
digested. Thus, a secondary lysosome contains partially 
digested remnants of other organelles and ingested organic 
material. A lysosome that contains undigested wastes is 


FIGURE 3.9 


An electron micrograph 
showing primary and secondary 
lysosomes. Mitochondria, the 
Golgi apparatus, and the 
nuclear envelope are also 
indicated. 


Primary lysosome 


Mitochondrion 


Nuclear envelope —{ 


called a residual body. Residual bodies may eliminate their 
wastes by exocytosis, or the wastes may accumulate within 
the cell as the cell ages. 

The partly digested membranes of various organelles 
and other cellular debris often observed within secondary 
lysosomes result from autophagy, a process that destroys 
worn-out organelles so that they can be continuously 
replaced. Thus, lysosomes are said to constitute the diges- 
tive system of the cell. 

Lysosomes are also referred to as suicide bags because a 
rupture in their membranes would release the digestive 
enzymes, resulting in self-digestion of the cell. This happens 
normally as part of programmed cell death, in which tissues 
are destroyed in the process of 
embryological development. It also 
occurs in white blood cells during 
an inflammation reaction. 


Mitochondria 


All cells in the body, with the excep- 
tion of mature red blood cells, have» 
from a hundred to a few thousand | 
organelles called mitochondria: 
(mi ‘té-kon ‘dre-d). Mitochondria serve 


as sites for the production of most of 


(a) 


FIGURE 3.10 


autophagy Gk autos. self. phagein. to eat 
mitochondrion Gk mitos. a thread, chondros 
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* 


Golgi apparatus 


Secondary lysosome 


the energy in cells (chapter 4). For this reason, mitochondria 
are sometimes called the powerhouses of the cell? 
Mitochondria vary in size and shape, but all have the 
same basic structure (fig. 3.10). Each ts surrounded by an 
outer membrane that ts separated by a narrow space trom an 
inner membrane. The inner membrane has many folds, or 
cristae, Which extend into the central area, or matrix. The 
cristae and the matrix compartmentalize the space within 


Inner 
membrane 


Outer 
membrane 


(a) An electron micrograph of a mitrochondrion. The outer membrane and the :nfoldings of 
the inner membrane called the cristae, are clearly seen. The fluid in the center 1s the matrix 


grain (b) A diagrammatic representation of the structure of a mitochondrion 
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the mitochondrion, and they both have distinct roles in the 
generation of cellular energy. The detailed structure and 
functions of mitochondria will he described in the context of 
cellular metabolism in chapter 4. 


Mitochondria are able to migrate through the cyto- 
plasm of a cell, and it is believed that they are able to repro- 
duce themselves. Indeed, mitochondria contain their own 
DNA! This is a more primitive form of DNA than that 
found within the cell nucleus. For this and other reasons, 
many scientists believe that mitochondria evolved from 
organisms related to bacteria that invaded the ancestors of 
animal cells and remained in a state of symbiosis. 


An ovum (egg cell) contains mitochondria; the head 
of a sperm cell contains none. Therefore, all of the 
mitochondria in a fertilized egg are derived from the 
mother. The mitochondrial DNA replicates itself and 
the mitochondria divide, so that all of the mitochondria in the 
fertilized ovum and the cells derived from it during embryonic 
and fetal development are genetically identical to those in the 
original ovum. This represents a unique form of inheritance 
that is passed only from mother to child. A rare cause of 
blindness—Leber's hereditary optic neuropathy—is believed 
to be inhented in this manner, as are certain genetically 
based neuromuscular disorders. 


symbiosis: Gk. syn, with; bios, life 


Fndoplasmic Reticulum 


Most cells contain a system of membranes known as th 
endoplasmic reticulum (en-do-plaz‘mik r@-tik ‘yti-lum), © 
ER. The ER may be either of two types: (1) a rough, « 
granular, endoplasmic reticulum or (2) a smooth endo 
plasmic reticulum (fig. 3.11). A rough endoplasmic reric 
ulum bears ribosomes on its surface, whereas a smoot! 
endoplasmic reticulum does not. The smooth endoplasmi 
reticulum serves a variety of purposes in different cells. |: 
provides a site for enzyme reactions in steroid hormon: 
production, for example, and a site for the storage of cal 
cium ions in skeletal muscle fibers. The rough endoplas- 
mic reticulum is found in cells that are active in protein 
synthesis and secretion, such as those of many exocrine 
and endocrine glands. 

The function of the rough endoplasmic reticulum and 
that of another organelle called the Golgi apparatus will be 
described in detail in a later section on protein synthesis. 
The structure of centrioles and of the spindle apparatus, 
which are involved in DNA replication and cell division, 
will also be described in a separate section. 


Cell flucleus and Nucleic Acids 


The genetic code is based on the structure of DNA. DNA and RNA 
are composed of subunits called nucleotides, and together these 
molecules are known as nucleic acids. The sequence of DNA 
nucleotides constitutes the genetic code and serves to direct the 
synthesis of RNA molecules. It is through the synthesis of RNA, 
and eventually of protein, that the genetic code is expressed. 
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FIGURE 3.11 

(a) An electron micrograph of 

endoplasmic reticulum (about 
100 990 «) Rough endoplasmic 
reticulum (b) has mbosomes 


attached to its surlace, whereas 
smooth endoplasmic reticulum 


(c) lacks ribosomes (b) 


(c) 
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Most cells in the body have a single nucleus, although 
some, such as skeletal muscle cells, are multinucleate. The 
nucleus is surrounded by a nuclear envelope composed of 
an inner and an outer membrane. These two membranes 
fuse together to form thin sacs with openings called nuclear 
pores (figs. 3.12 and 3.13). The nuclear pores are suffi- 
ciently large to permit RNA to exit the nucleus and enter 


pores 


FIGURE 3.12 


Anelectron micrograph of a freeze-fractured nuclear envelope, 
showing the nuclear pores. 


Nucleolus 


~5,— Heterochromatin 


Nuclear 
membrane 


FIGURE 3.13 
The nucleus cl a liver cell, showing the nuclear envelope 
heterochromatin, and nucleolus 
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the cytoplasm. The larger DNA molecules cannot pass 
through, however, and remain in the nucleus. 


Nucleic Reis 


Nucleic acids include the macromolecules of DNA and 
RNA, which are critically important in genetic regulation, 
and the subunits from which these molecules are formed. 
These subunits are known as nucleotides. 

Nucleotides function as subunits in the formation of 
long polynucleotide chains. Each nucleotide, however, ts 
composed of three smaller subunits: a five-carbon sugar, a 
phosphate group bonded to one end of the sugar, and a 
nitrogenous base bonded to the other end of the sugar 
(fig. 3.14). The nitrogenous bases are cyclic nitrogen- 
containing molecules of two kinds: pyrimidines and purines. 
The pyrimidines contain a single ring of carbon and nitro- 
gen, whereas the purines have two such rings (fig. 3.15). 
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The general structure of a nuclectide and the formation 
of sugar-phosphate bonds between nucleotides to form 


' a polymer. 
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The four nitrogenous bases in deoxyribonucleic acid (DNA). Notice that 
hydrogen bonds can form between guanine and cytosine and between thymine 


and adenine. 


Deoxyribonucleic Acid §= The structure of DNA (deoxyri- 
bonucleic acid) serves as the basis for the genetic code. 
One might, therefore, expect DNA to have an extremely 
complex structure. But even though DNA is the largest 
molecule in the cell, it actually has a simpler structure than 
that of most proteins. This simplicity of structure deceived 
some of the early investigators into believing that the pro- 
tein content of chromosomes, rather than their DNA con- 
tent, provided the basis for the genetic code. 

Sugar molecules in the nucleotides of DNA are a 
type of pentose (five-carbon) sugar called deoxyribose 
(de-ok “se-ri bos). Each deoxyribose can be covalently 
bonded to one of four possible bases. These bases include 
the two purines (adenime and guanine) and the two pyrim- 
idines (cytusine and thymine). Thus, there are four different 
types of nucleotides that can be used to produce the long 
DNA chains. 

When nucleotides combine to form a chain, the 
phosphate group of one nucleotide condenses with the 
deoxyribose sugar of another. This forms a sugar-phosphate 
chain as water is removed in dehydration synthesis. Since 
the nitrogenous bases are attached to the sugar molecules, 


52) 
Downloaded from Durr-e-Danish Library 


the sugar-phosphate chain looks like a back- 
bone from which the bases project. Each of 
these bases can form hydrogen honds with other 
wr bases, which are part of a different chain ot 
0 nucleotides. Such hydrogen bonding between 
bases produces a double-stranded DNA molecule; 
the two strands are like a staircase, with the 
paired bases as steps. 

Actually, the two chains of DNA twist 
about each other to form a double helix, so that 
the molecule resembles a spiral staircase (fig. 
3.16). It has been shown that the number of 
purine bases in DNA 1s equal to the number of 
pyrimidine bases. The reason for this ts 
explained by the law of complementary base 

/ pairing: adenine can pair only with thymine 

O (through two hydrogen bonds), whereas gua- 

~ hine can pair only with cytosine (through three 

hydrogen bonds). Applying this rule, we can 

predict the base sequence of one DNA strand 

if we know the sequence of bases in the com- 
plementary strand. 

Although we can be certain of which base 
is opposite a given base in DNA, we cannot pre- 
dict which bases will be above or below that 
particular pair within a single polynucleotide 
chain. Although there are only four bases, the 
number of possible hase sequences along a 

stretch of several thousand nucleotides (the length of a 
gene) is almost infinite. Yet, even with this amazing vari- 
ety of possible sequences, almost all of the billions of copies 
of a particular gene in a person are identical. We will see 
shortly how this is accomplished. 


Ribonucleic Acid The genetic information contained in 
DNA functions to direct the activities of the cell through its 
production of another type of nucleic acid —RNA (ribonu- 
cleic acid). Like DNA, RNA consists of long chains of 
nucleotides joined together by sugar-phosphate bonds. 
Nucleotides in RNA, however, differ from those in DNA 
(fig. 3.17) in three ways: (1) a ribonucleotide (ri’‘bo-noo ‘kle- 
6-tid) contains the sugar ribose (instead of deoxyribose), 
(2) the base uracil (yoor ‘a-sil) is present in place of thymine, 
and (3) RNA is composed of a single polynucleotide strand 
(it iy not double stranded like DNA). 

There are three types of RNA molecules that function 
in the cytoplasm of cells: messenger RNA (mRNA), transfer 
RNA (tRNA), and ribosomal RNA (rRNA). All three types 
are made within the cell nucleus using information con- 
tained in DNA as a guide. 


FIGURE 3.17 
Differences between the nucleotides and sugars in DNA and 
RNA. 


and protein. There are two forms of chromatin. Thin, 
Gp extended chromatin—or euchromatin (yoo-kro ‘ma-tin)— 
appears to be the active form of DNA in a nondividing cell. 


ee \ 
<> mt 
/ Hydrogen \ Regions of condensed, blotchy-appearing chromatin, known 
ponds eS as heterochromatin, are believed to contain inactive DNA. 
o:"@ ® 


One or more dark areas within each nucleus can be 
observed. These regions, which are not surrounded by 
Ms) é <> membranes, are called nucleoli (noo-kle“d-li). The DNA 
( “within nucleoli contains genes that code for the produc- 
} tion of ribosomal RNA (rRNA), an essential component 
M it Gr) of ribosomes. 
©) ° [-_> . — : 
Ce) Genetic Transcription ANA synthesis 
E> »: <> The thin, extended euchromatin is the working form of 
DNA; the more familiar short, stubby form of chromo- 
somes seen during cell division are inactive packages of 
DNA. The genes do not become active until the chro- 
mosomes unravel. Active DNA directs the metabolism 


of the cell indirectly through its regulation of RNA and 
protein synthesis. 
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FIGURE 3.16 
The double helix structure of DNA. 


thromatin One gene codes for one polypeptide chain. Each gene is 
Many granulated threads in the nuclear fluid can be seen a stretch of DNA that is several thousand nucleotide pairs 
with an electron microscope. These threads are called chro- long. The DNA in a human cell contains 3 to 4 billion 


nsist of a combination of DNA base pairs, enough to code for at least 3 million proteins. 
Since the average human cell contains less than this 
amount (30,000 to 150,000 different proteins), it follows 
that only a fraction of the DNA in each cell is used to code 


matin (kro ‘ma-tin) and co 


chromatin: Gk. chroma, color 
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for proteins. The remainder of the DNA may he inactive or 
redundant, or it may serve to regulate those regions that 
do code for proteins. 

In order for the genetic code to be translated into 
the synthesis of specific proteins, the DNA code must 
first be transcribed into an RNA code (fig. 3.18). This 
is accomplished by DNA-directed RNA synthesis, or 
genetic transcription. 

In RNA synthesis, the enzyme RNA polymerase breaks 
the weak hydrogen bonds between paired DNA bases. This 


does not occur throughout the length of DNA, but only in 
the regions that are to be transcribed (there are bas: 
sequences that code for “start” and “stop"). Double-stranded 
DNA, therefore, separates in these regions so that the freed 
bases can pair with the complementary RNA nucleotid 
bases, which are freely available in the nucleoplasm. 

This pairing of bases, like that which occurs in DNA 
replication (described in a later section), follows the law 
complementary base pairing: guanine bonds with cytosine 
(and vice versa), and adenine bonds with uracil (becaus« 
uracil in RNA is equivalent to thymine in DNA). Unliky 
DNA replication, however, only one of the two freed strands 
of DNA serves as a guide for RNA synthesis (fig. 3.19). Once 
an RNA molecule has been produced, it detaches from the 
DNA strand on which it was formed. This process can con 
tinue indefinitely, producing many thousands of RNA copies 
of the DNA strand that is being transcribed. When the gene 
is no longer to be transcribed, the separated DNA strands 
can then go back together again. 


Types of RNA There are four types of RNA produced 
within the nucleus by genetic transcription: (1) precursor 
messenger RNA (pre-mRNA), which is altered within 
the nucleus to form mRNA; (2) messenger RNA 
(mRNA), which contains the code for the synthesis of spe- 
cific proteins; (3) transfer RNA (tRNA), which is needed 
for decoding the genetic message contained in mRNA; and 
(4) ribosomal RNA (rRNA), which forms part of the 
structure of ribosomes. The DNA that codes for rRNA syn- 
thesis is located in the part of the nucleus called the nucle- 
olus. The DNA that codes for pre-mRNA and tRNA 
synthesis is located elsewhere in the nucleus. 

In bacteria, where the molecular biology of the gene 
is best understood, a gene that codes for one type of protein 
produces an mRNA molecule that begins to direct protein 
synthesis as soon as it is formed. This is not the case in high- 
er organisms, including humans. In higher cells, a pre- 
mRNA is produced that must be modified within the nucleus 
before it can enter the cytoplasm as mRNA and direct pro- 
tein synthesis. 

Precursor mRNA is much larger than the mRNA 
that it forms. This large size of pre-mRNA 1s, surprisingly, 
not due to excess bases at the ends of the molecule that 
must be trimmed. Rather, the excess bases are within the 
pre-mRNA. The genetic code for a particular protein, in 
other words, is split up by stretches of base pairs that do 
not contribute to the code. These regions of noncoding 
DNA within a gene are called introns; the coding regions 
are known as exons. Asa result, pre-mRNA must be cut and 
spliced to make mRNA. This cutting and splicing can be 
quite extensive—a single gene may contain up te50 
introns that must be removed from the pre-mRNA in order 
to convert itto mRNA. 


Downloaded from Durr-e-Danish Library 


FIGURE 3.20 


An electron micrograph of polyribosomes. An RNA strand (arrow) 
joins the ribosomes together. 
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(0 FIGURE 3.19 

RNA synthesis (genetic transcription). Notice that only one of 
the two DNA strands is used to form a single-stranded 
molecule of RNA. 


a fe association of MRNA with ribosomes is needed for genetic 

p ANTOAIN C | "We ANF translation—the production of specific proteins according to 
ULOITT U + PA - #s she the code contained in the MRNA base sequence. 

Each mRNA molecule contains several hundred or 

In order for a gene to be expressed, tt first must be used as a guide, more nucleotides, arranged in the sequence determined by 

or template, m the production of a complementary strand of complementary base pairing with DNA during genetic tran- 


messenger RNA. The mRNA is then used as a guide to produce a 
particular type of protem whose sequence of amino acids is 
determined by the sequence of base triplets (codons) in the mRNA. 


scription (RNA synthesis). Each three-base sequence, or 
base triplet, 1s a code word—called a codon—for a specific 
amino acid, except for three base triplets (UAA, UAG, and 


When mRNA enters the cytoplasm, it attaches to ribosomes UGA), which serve as “stop signs” in the uanslation process. 
that appear in the electron microscope as numerous small Sample codons and their amino acid translations are listed 
particles. A ribosome is composed of three molecules of ribo- in table 3.2 and illustrated in figure 3.21. As mRNA moves 
somal RNA and 52 proteins, arranged to form two subunits through the ribosome, the sequence of codons is translated 
of unequal size. The mRNA passes through a number of ribo- into a sequence of specific amino acids within a growing 
somes to form a string-of-pearls structure called a polyribo- polypeptide chain. 


some (or polysome, for short), as shown in figure 3.20. The 
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C0 FIGURE 3.21 
The genetic code is first transcribed into base triplets (codons) in mRNA and 


then translated into a specific sequence of amino acids in a protein. 


Transfer RNR 


Translation of the codons is accomplished by tRNA and 
particular enzymes. Each tRNA molecule, like mRNA 
and rRNA, is single stranded. Although tRNA is single 
stranded, it bends in on itself to form a cloverleaf struc- 
ture (fig. 3.22a), which ts believed to be further twisted 
into an upside down “L” shape (fig. 3.22h). One end of 
the “L” contains the anticodon—three nucleotides that 
are complementary to a specific codon in mRNA. 

Enzymes in the cell cytoplasm called aminoacyl-tRNA 
synthetase enzymes join specific amino acids to the ends of 
tRNA, so that a tRNA with a given anticodon is always 
bonded to one specific amino acid. There are 20 different 
varieties of synthetase enzymes—one for each type of amino 
acid. Each synthetase must not only recognize its specific 
amino acid, it must be able to attach this amino acid to the 
particular (RNA that has the correct anticodon for that 
amino acid. The cytoplasm of a cell thus contains tRNA 
molecules that are each bonded to a specific amino acid and 
that are each capable of bonding by their anticodon base 
triplet to a specific codon in mRNA, 


formation of a Polypeptide 


The anticodons of tRNA bond to the codons of mRNA as 
the mRNA moves through the ribosome. Since each tRNA 
molecule carries a specific amino acid, the joining together 
of these amino acids by peptide bonds creates a polypeptide 
whose amino acid sequence has been determined by the 
sequence of codons in mRNA. 

The first and second tRNA bring the first and sec- 
ond amino acids together, and a peptide bond forms 
between them. The first amino acid then detaches from its 
tRNA, so that a dipeptide is linked by the second amino 
acid to the second tRNA. When the third tRNA bonds to 
the third codon, the amino acid it brings forms a peptide 
bond with the second amino acid, which detaches from its 
tRNA. A tripeptide is attached by the third amino acid to 
the third (RNA. The polypeptide chain grows as new 
amino acids are added to its tip (fig. 3.23). This growing 
polypeptide chain is always attached by means of only one 
tRNA to the strand of mRNA, and this tRNA molecule ts 
always the one that has added the latest amino acid to the 
growing polypeptide. 
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eo) FIGURE 3.23 . 
The translation of messenger RNA (mRNA). As the anticodon of each 


new aminoacy!-tRNA bonds toa codon of the mRNA, new amino acids 
lypeptide chain. 
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As the polypeptide chain grows in 
length, interactions between its amino 
acids cause the chain to twist into a helix 
(secondary structure) and to fold and 
bend upon itself (tertiary structure). At 
the end of this process, the new protein 
detaches from the tRNA as the last amino 
acid is added. Many proteins are further 
modified after they are formed; these! 
modifications occur in the rough endo-| 
plasmic reticulum and Golgi apparatus. 


Function of the Rough 
Endoplasmic Reticulum 


Proteins that are to be used within the 
cell are produced in polyribosomes that 
are free in the cytoplasm. If the protein is 
a secretory product of the cell, however, it 
is produced by mMRNA-ribosome com- 
plexes located in the rough endoplasmic 
reticulum. The membranes of this system 
enclose fluid-filled spaces (cisternae) that 
may be entered by the newly formed pro- 
teins. Once they are within the cisternae, 
the structure of these proteins is modified 
in specific ways. 

The processing of the hormone 
insulin can serve as an example of the 


FIGURE 3.24 
A long polypeptide 


organelle, further modifications ot 
proteins (such as addition of carbo- 
hydrates to form glycoproteins | 
occur. Different types of proteins ar 
separated according to their func- 
tion and destination and the fina! 
products are packaged into secreto- 
ry vesicles. For example, proteins 
that are to be secreted are separated 
from those that will be incorporated 
into the cell membrane and from 
those that will be introduced into 
lysosomes and they are packaged 
into separate membrane-enclosed 
vesicles. 

The Golgi apparatus consists 
of several flattened sacs. Proteins 
produced by the rough endoplasmic 
reticulum are believed to travel in 
membrane-enclosed vesicles to the 
sac on one end of the Golgi appa- 
ratus. After specialized modifica- 
tions of the proteins are made 
within one sac, the modified pro- 
teins are passed by means of vesi- 
cles to the next sac until the 
finished products finally leave the 
Golgi apparatus in vesicles that fuse 
with the cell membrane or with the 
membranes of lysosomes (fig. 3.25). 


changes that occur within the endo- 
plasmic reticulum. The original mole- 
cule enters the cisterna as a single 
polypeptide composed of 109 amino 


chain, called proinsulin, 
is converted into the active hormone insulin by 
enzymatic removal of a length of amino acids. 
The insulin molecule produced in this way 
consists of two polypeptide chains (colored 


The Golgi apparatus and the 
rough endoplasmic reticulum con- 
tain enzymes that modify the 
structure of proteins. The action 


acids. This molecule is called preproin- 
sulin. The first 23 amino acids serve as 
a leader sequence; it is attracted to the 
lipid content of the endoplasmic reticulum membrane and 
allows the molecule to be injected into the cisterna with- 
in the endoplasmic reticulum. The leader sequence is then 
quickly removed (to produce proinsulin). The remaining 
chain folds within the cisterna, so that the first and last 
amino acids in the polypeptide are brought close togeth- 
er. The central region is then enzymatically removed, pro- 
ducing two chains—one of them, 21 amino acids long; the 
other, 30 amino acids long—which are subsequently joined 
together by disulfide bonds (fig. 3.24). This is the form of 
insulin that is normally secreted from the cell. 


Function of the bol Apparatus 


Secretory proteins do not remain trapped within the rough 
endoplasmic reticulum; they are transported to another 
organelle within the cell—the Golgi apparatus. In this 


circles) joined by disulfide bonds. 


of these organelles, combined 
with the events that occur during 
genetic transcription and translation, provide numerous 
opportunities for the regulation of genetic expression. 


DN aynthesis and Cell Division 


When a cell is going to dwide, each strand of the DNA within its 
nucleus acts as a template for the formation of anew complementary 
strand. Organs grow and repair themselves through a type of cell , 
division known as mitosis, m which the two daughter cells produced are 
genetically tdentical to one another and to the original parent cell 
Gametes contam only half the number of chromosomes as their parent 
cell and are formed by a type of cell division called metosis. 


Golgi apparatus. trom Camilio Golgi, Italian histologist, 1843-1926 
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Genetic information is required for the life of the cell and for 
the ability of the cell to perform its functions in the body. 
Each cell obtains this genetic information from its parent 
cell through the process of DNA replication and cell divi- 
sion. DNA ts the only type of molecule in the body capable 
of replicating itself, and mechanisms exist within the divid- 
ing cell to ensure that the duplicate copies of DNA are prop- 
erly distributed to the daughter cells. 


DNA Replication 


When a cell is going to divide, each DNA molecule repli- 
cates itself, and each of the identical DNA copies thus pro- 
duced is distributed to the two daughter cells. Replication 
of DNA requires the action of a specific enzyme known as 
DNA polymerase (pol“&-mé-rdas). This enzyme moves along 
the DNA molecule, breaking the weak hydrogen bonds 
between complementary bases as it travels. As a result, the 
bases of each of the two DNA strands become free to bond 


(0) FIGURE 3.25 
(a) An electron micrograph of a 
Golgi apparatus. (Note the 

of vesicles at the ends of 
some of the flattened sacs.) (b) An 
ng of 


formato 


illustration of the proces 
proteins by the rough endor lasmic 
reticulum and Golgi apparatus (b) 

Paras 


to new complementary bases, which are part of nucleotides 
available within the surrounding environment. 

According to the rules of complementary base pair- 
ing, the bases of each original strand will bond to the 
appropriate free nucleotides: adenine bases pair with 
thymine-containing nucleotides, guanine bases pair with 
cytosine-containing nucleotides, and so on. In this way, 
two new molecules of DNA, each containing two comple- 
mentary strands, are formed. The DNA polymerase enzyme 
links the phosphate groups and deoxyribose sugar groups 
together to form a second polynucleotide chain in each 
DNA that is complementary to the first DNA strands. 
Thus, two new double-helix DNA molecules are produced, 
each containing the same base sequence as the parent mol- 
ecule (fig. 3.26). 

When DNA replicates, therefore, each copy is com- 
posed of one new strand and one strand from the original 
DNA molecule. Replication is said to be semiconservative 
(half of the original DNA is conserved in each of the new 


— 


an 
>< Secretion 
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Chapter Three 


Region of parental DNA helix 
(Both backbones are light ) 


Region of replication. Parental 
DNA is unzipped and new 
nucleotides are pairing with 
those in parental strands 


Region of completed replication 
Each double helix is composed 
of an old parental strand (light 
purple) and a new daughter 
strand (dark purple) The two 
DNA molecules formed are 
identical to the original DNA 
helix and to one another 


f(D FIGURE 3.26 
The replication of DNA. 


new strand. The base se 
of the parent DNA because of complementary base painng. 


DNA molecules). Through this mechanism, the sequence 
of bases in DNA, which is the basis of the generic code, is 
preserved from one cell generation to the next. 


Fell Growth and Division 


Unlike the life of an organism, which can be viewed as a 
linear progression from birth to death, the life of a cell 
follows a cyclical pattern. Each cell is produced as a part 


Each new double helix is composed of one old and one 
quences of each of the new molecules is identical to that 


of its parent cell; when the daughter cell divides, it in 
turn becomes two new cells. In a sense, then, each cell is 
potentially immortal as long as its progeny can continue 
to divide. Some cells in the body divide frequently; for 
example, the epidermis of the skin is renewed approxt- 
mately every 2 weeks and the stomach lining is renewed 
about every 2 or 3 days. Other cells, however, such as 
nerve and skeletal muscle cells in the adult, do not divide 
at all. All cells in the body, of course, live only as long 
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Ifa cell is going to divide, the centrosome 
replicates itself and each centrosome takes a 
position on the opposite side of the nucleus. 
The centrosomes then produce spindle 


as the person lives. Some cells live longer 
than others, but eventually all cells die 
when vital functions cease. 


fibers, which are composed of micro- 
tubules. The spindle fibers will eventual- 
ly pull the duplicated chromosomes to 


The Cell Cycle §= The nondividing 
cell is in a part of its life cycle 
known as interphase (fig. 3.27), 
which is subdivided into G;, S, and 
G2 phases. The chromosomes are in 
their extended form (as euchro- 
matin), and their genes actively direct 
the synthesis of RNA. Through their 
direction of RNA synthesis, genes 
control the metabolism of the cell. — FIGURE 3.27 


SISOWW 


opposite poles of the cell during cell divi- 
sion. Cells that lack centrosomes, such as 
mature muscle and nerve cells, cannot 


divide. 


Mitosis Ac the end of the G; phase of the cell 
cycle (G2 is generally shorter than G,), each chro- 


During this time the cell may be The lite cycle of acell. mosome consists of two strands called chromatids (kro ‘m a- 
growing, and this part of inter- tidz) that are joined together by a centromere (tig 3.29). The 
phase is known as the G; phase. Although sometimes two chromatids within a chromosome contain identical 
described as resting, cells in the G; phase perform the DNA base sequences because each ts produced by the semt- 
physiological functions characteristic of the tissue in conservative replication of DNA. Each chromatid, therefore, 
which they are found. The DNA of rest- 

ing cells in the G; phase thus produces === —""==n— rr 


mRNA and proteins as previously 
described. 

A cell that is going to divide replicates 
its DNA ina part of interphase known as 
the S phase (S_stands for synthesis). Once 
DNA has replicated in the S phase, the 
chromatin condenses in the G2 phase to 
form short, thick, rodlike structures by the 
end of G». This is the more familiar form of 
chromosomes because they are easily seen 
in the ordinary (light) microscope. It should 
be remembered thar this form of the chro- 
matin represents a packaged state of 
DNA—not the extended, threadlike form 
that is active in directing the metabolism 
of the cell during the G, phase. 


Cell Structure and Genetic Regulation 


Centrosomes All animal cells capable of 
cell division have a centrosome located on 
one side of the nucleus. The centrosome is 
a small, amorphous mass that serves asa face | ot 

tory for the production of microtubules, |» FIGURE 3.28 
’ The centrioles. 


which are the major component of spindle > 
(a) A micrograph of the two 


fibers. At the center of the centrosome are | . 4 
r ‘ . ; '. centrioles in a centrosome | 
two centrioles (sen ‘trT-dlz), positioned at | (14,200 x). (b) A diagram g 
‘ f - ; 
right angles to each other. Each centriole | showing that the centrioles “ 
is composed of nine evenly spaced bundles {are positioned at right : 
of microtubules, with three microtubules | @8g!es to one another. . : oo 
per bundle (fig. 3.28). ea lie TA t ALY. Py ee NO : . 
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One (duplicated) chromosome 


Centromere 


Chromatid 


FIGURE 3.29 
The structure of a chromosome after DNA replication, in which it 
consists of two identical strands, or chromatids. 


contains a complete double-helix DNA molecule that is a 
copy of the single DNA molecule existing prior to replica- 
tion. Each chromatid will become a separate chromosome 
once cell division has been completed. 

The G; phase completes interphase. The cell next 
proceeds through the various stages of cell division, or 
mitosis (the M phase of the cell cycle). Mitosis is sub- 
divided into four stages: prophase, metaphase, anaphase, 
and teluphase (fig. 3.30). In metaphase of mitosis, the 
chromosomes line up single file along the equator of the 
cell. This aligning of chromosomes at the equator ts 
helieved to result from the action of the spindle fibers 
that are attached to the centromere of each chromo- 
some (fig. 3.30). 

Anaphase begins when the centromeres split apart 
and the spindle fibers shorten, pulling the two chromatids 
in each chromosome to opposite poles. Each pole there- 
fore gets one copy of each ot the 46 chromosomes. Divi- 
sion of the cytoplasm (cyrokimesty) during telophase 


mitosis Gk mitos thread 


® 
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results in the production of two daughter cells that ar. 
genetically identical to each other and to the origin 


parent cell. 


Hyperplasia and Hypertrophy §= The growth of an individu 
from a fertilized egg into an adult involves an increase | 


cell number and an increase in cell size. Growth due to a: 


increase in the number of cells results from mitotic cell diy) 


sion and is termed hyperplasia (hi ‘per-pla ‘zha). Growth | 
a tissue or organ due to an increase In the size of cells 
termed hypertrophy (hi ‘per ‘tr0-fe). 

Most growth is due to hyperplasia. A callus on the palm 
of the hand, for example, involves thickening of the skin hy 
hyperplasia due to frequent abrasion. An increase in skele- 
tal muscle size as a result of exercise, by contrast, is generally 
believed to be produced by hypertrophy. 


2 Skeletal and cardiac (heart) muscle can grow 
only by hypertrophy. When this occurs in skeletal 
muscles in response to an increased workload 
(during weight training, for example), it is called 

compensatory hypertrophy. The heart muscle may also 
demonstrate compensatory hypertrophy when its 
workload increases in response, for example. 
to hypertension (high blood pressure). The 
opposite of hypertrophy 1s atrophy, where the 
cells become smaller than normal. This may 
result from the disuse of skeletal muscles as 
occurs in prolonged bed rest, various diseases, 
and advanced age. —_ 


c 


Mevosis 
When a cell ts going to divide, either by mitosis or meiosis, 
the DNA is replicated (forming chromatids) and the chro- 
mosomes become shorter and thicker, as previously described. 
At this point, the cell still has only 46 chromosomes, but 
each chromosome consists of two duplicate chromatids. 
The short, thick chromosomes seen at the end of the 
G; phase can be matched into pairs, the members of which 
appear to be structurally identical. These matched pairs 
of chromosomes are called homologous chromosomes (hio- 
mol “d-gus kro ‘mo-simz). One member of each homolo- 
gous pair is derived from a chromosome inherited from 
the father, and the other member is a copy of one of the 
chromosomes inherited from the mother. Homologous 
chromosomes do not have identical DNA base sequences; 
for example, one member of the pair may code for blue eyes 
and the other for brown eyes. There are 22 homologous 


meiosis Gk meioun. lessen 


(a) Interphase 


* The chromasomes are in an extended form and 
seen as chromatin in the electron microscope 
* The nucleus is visible , 


(b) Prophase 


* The chromosomes are seen to consist of two 
chromatids joined by a centromere. 
© The centnoles move aparl toward opposite ' 
poles of the cell. = : 
© Spindle fibers are produced and extended trom Ws ze" 
each centrosome. Paras . it? Spindle fibers 
¢ The nuclear membrane starts to disappear. at 
* The nucleolus ts no longer visible. y 


Ba Centriole 
(c) Metaphase wey = 
i rf > . 
* The chromosomes are lined up at the equator of ~ - >> * 
the cell ' AL & 
* The spindle fibers from each centriole are Sy = =z 
attached to the centromeres of the chromosomes . rate , 


¢ The nuclear membrane has disappeared ve % ay 


d) Anaphase = Ne 
( ) P A pe , fo A 
© The centromeres split, and the sister chromatids <= fl 


separate as each is pulled to an opposite pole. ‘ _ 


(d)Anaphase 

« - id rh eae > pads < 
The centromeres split, and the sister chromatids separate 
as €ach Is pulled to an opposite pole, 


——— Furrowing 
o——_Nutcleolus 


> 


Ae 


(e) Telophase 


* The chromosomes become longer. thinner, and 
less distance f t 

*® New nuclear membranes form 

© The nucleolus reappears 

* Cell division is nearly complete 


Paras 


f FIGURE 3.30 


The stages of mitosis. 
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Chapter Three 


Pairs of autosomal (aw “‘to-so’mal) chromosomes and 1 pair 
of sex chromosomes, described as X and Y. Females have 


two X chromosomes, whereas males have one X and one Y 
chromosome (fig. 3.31) 


Meiosis (mi-o’sis) is a special type of cell division that 


occurs only in the gonads (testes and ovaries) and only for 


the production of gametes (sperm cells and ova). In meio- 
sis, the homologous chromosomes line up side by side, 
rather than single file as in mitosis, along the equator of 
the cell. The spindle fibers then pull one member of a 
homologous pair to one pole of the cell and the other 
member of the pair to the other pole. Each of the two 
daughter cells thus acquires only one chromosome from 
each of the 23 homologous pairs contained in the parent. 
The daughter cells, in other words, contain 23 rather than 
46 chromosomes. For this reason, meiosis is also known as 
reduction division. 

Meiosis, however, consists of two cell divisions. The 
need for this is obvious considering that, at the end of the 
cell division, each daughter cell contains 23 chromosomes, 
with each chromosome consisting of two chromatids. (Since the 
two chromatids per chromosome are identical, this does not 
make 46 chromosomes; there are still only 23 different chro- 
mosomes per cell at this point.) In the second meiotic divi- 
sion, each of the daughter cells from 
the first cell division then itself 
divides, with the duplicate chromatids 
going to each of two new daughter 
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FIGURE 3.31 
A false-color light micrograph showing the full complement of 
male chromosomes arranged in numbered homologous pairs 


Stages of meiosis 


Events 


cells. A grand total of four daughter Stage 
cells can thus be produced from the —<— 
meiotic cell division of one parent cust meiotic division 
cell. This occurs in the testes, where | Prophase | 
one parent cell produces four sperm Lara - 

’ * aT , 


cells, each containing 23 chromo- 


somes. In the ovaries, one parent cell 
also produces four daughter cells, but 
three of these die and only one pro- 
gresses to become a mature egg cell (as 
described in chapter 29). 

The stages of meiosis are subdi- 
vided according to whether they occur 
in the first or the second meiotic cell 
division. These stages are designated 
as prophase 1, metaphase I, anaphase I, 
telophase I; and then as prophase II, 
metaphase II, anaphase II, and 
telophase II (table 3.3 and fig. 3.32). 

The reduction of the chromo- 
some number from 46 to 23 1s of 
obvious necessity for sexual repro- 


duction, where the sex cells join 
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Chromosomes appear double stranded. Each strand, called a ] 
chromatid, contains duplicate DNA joined together by a structure 
known as a centromere. _ 


Homologous chromosomes pair up side by side. a 
ialed 
Homologous chromosome pairs line up at the equator. <2 a 
Spindle apparatus is complete. . seal or 
ae. 
Homologous chromosomes are separated: the membet ol ; 


homologous pair move to Opposite poles. 


Cytoplasm divides to produce two haploid cells. 


Chromosomes appear, each containing two chromati 


Chromosomes line up single file along the equator 
formation is completed. 


Cytoplasm divides to produce two haploid cell 
haploid cells formed at telop 


Prophase | 


Metaphase | 


Anaphase | ; A 
i, =. é 


a = 
Telophase | . > 4 as 
\ (7) i > Qe 
Daughter i Daughter 
cell - ~ cell 


hr We Prophase Il y of ‘at 
fo) ] \ ke) | 
ire SA) Metaphase II eS 


oe ay ea = 
ae a Anaphase Il = —( aw 


‘ ra 
Telophase { C 
ll 


Ga 
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Ge 
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- , 
——" Daughter Daughter 
cells cells 


(0 FIGURE 3.32 

Meiosis, or reduction division. In the first meiotic division, the homologous 

s ofa diploid parent cell are separated into two haploid 

of these chromosomes contain duphcate strands, or 

cond meiotic division, these chromatids are distributed to 


two new haploid daughter cells. 


(with their content of chromosomes added togeth- 
er) to produce a new individual. The significance 
of meiosis, however, goes deeper than simply a 
reduction in chromosome number. At metaphase 
I, the pairs of homologous chromosomes can line 
up with either member facing a given pole of the 
cell. (Recall that each member of a homologous 
pair came from a different parent.) Maternal and 
paternal members of homologous pairs are ran- 
domly shuffled. When the first meiotic division 
occurs, each daughter cell will obtain a comple- 
ment of 23 chromosomes that are randomly 
derived from the maternal or paternal contribu- 
tion to the homologous pairs of chromosomes of 
the parent. 

In addition to this shuffling of chromosomes, 
exchanges of parts of homologous chromosomes can 
occur at metaphase |. That is, pieces of one chro- 
mosome of a homologous pair can be exchanged 
with the other homologous chromosome in a 
process called crossing over (fig. 3.33). These events 
together result in genetic recombination and ensure 
that the gametes produced by meiosis are geneti- 
cally unique. This provides genetic diversity for 
organisms that reproduce sexually, and genetic 
diversity has been shown to promote survival of 
species over evolutionary time. 


Clinical Considerations 


functions of Cellular Organelles 


Lysosomes Most, if not all, molecules in the cell 
have a limited life span. They are continuously 
destroyed and must be continuously replaced. 
Glycogen and some complex lipids in the brain, for 
example, are digested at a particular rate by lyso- 
somes. If a person does not have the proper amount 
of these lysosomal enzymes because of some genetic 
defect, the resulting abnormal accumulation of 
glycogen and lipids could destroy the tissues. Exam- 
ples of such diseases include glycogen storage disease, 
Tay—Sach's disease, and Gaucher's disease. J 


Endoplasmic Reticulum = The smooth endoplas- 
mic reticulum in liver cells and other cells con- 
tains enzymes used for the inactivation of steroid 
hormones and many toxic compounds. This inac- 
tivation ts generally achieved by reactions that 
convert these compounds to forms that are more 
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(a) First meiotic prophase Chromosomes pairing 
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(b) Crossing over 


(eo) FIGURE 3.33 


(a) Genetic variation results from the crossing over of tetrads, which occurs during the first 
meiotic prophase. (b) A diagram depicting the recombination of chromosomes that occurs as 


a result of crossing over. 


water soluble and less active, and thus more easily excreted 
by the kidneys. When people take certain drugs (such as 
alcohol and phenobarbital) for a long period of time, an 
increasingly large dose is required to produce the effect 
achieved initially. This phenomenon, called drug tolerance, 
is accompanied by an increase in the smooth endoplasmic 
reticulum, and thus an increase in the enzymes charged 
with inactivation of these drugs. 


Chapter summary 


Chromosomes crossing over 


Cell Growth and Reproduction 


Mitosis and Aging Certain types « 

> cells can be removed from the body 

(i and grown in nutrient solutions (out- 

\y = side the body, or in vitro). Under 

( these artificial conditions, the poten- 

\ tial longevity of different cell lines 

can be studied. For unknown reasons, 

normal connective tissue cells, called 

fibroblasts, stop dividing in vitro after 

about 40 to 70 population doublings. 

Cells that become transformed into 

cancer, however, apparently do not 

age and continue dividing indefi- 

nitely in culture. It is ironic that 

these potentially immortal cells may 

commit suicide by killing their host. 

The Cell Cycle and Cancer Mature 

nerve and muscle cells do not repli- 

cate at all; neurons are thus particu- 

Paras larly susceptible to damage from 

alcohol and other drugs. Epithelial 

cells, by contrast, have very rapid cell 

cycles that help to replace the con- 

tinuous loss of cells. Cancers have 

rapid rates of cell division but not 

necessarily more rapid than normal tissue. The fast growth 

of some cancers is not due to a rapid rate of cell division but 

rather to the fact that the rate of cell division far exceeds the 

rate of cell death. The observation that many normal tissues 

are at least as rapid in their rates of cell divisions as cancer 
makes the chemotherapy of cancer much more difficult. 
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in vitro: L. in vitro, in a glass 
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Cell Membrane and Associated 
Structures (pp. 42-46) 


1. The structure of the cell, or plasma, 
membrane is described by a fluid-mosaic 
model. 

a. The membrane is composed 
predominately of a double layer of 
phospholipids. 

b. The membrane also contains proteins, 
distributed in a mosaic pattern. 


. Some cells move by extending 


pseudopods. Cilia and flagella protrude 
from the cell membrane of some 
specialized cells. 


. Invaginations of the cell membrane, ina 


process of endocytosis, allow the cells to 

take up molecules from the external 

environment. 

a. In phagocytosis, the cell extends 
pseudopods that eventually fuse 
together to create a food vacuole; 


pinocytosis involves the formation of a 
Narrow furrow in the membrane that 
eventually fuses. 

b. Receptor-mediated endocytosis 
requires the interaction of a specific 
molecule in the extracellular 
environment with a specific receptor 
Protein in the cell membrane. 

c. Exocytosis, the reverse of 
endocytosis, is a process that allows 
the cell to secrete its products. 
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b. Secretory vesicles from the Golgi 
apparatus fuse with the cell membrane 
and release their products by 
exocytosis 


d. RNA\Is single stranded Four types are 
produced within the nucleus 
ribosomal RNA, transfer RNA, 
precursor messenger RNA, and 
messenger RNA 

3. Active euchromatin directs the synthesis DNA Synthesis and Cell Division 

of RNA ina process called genetic (pp. 58-65) 

transcription 1. Replication of DNA is semiconservative. 

a. The enzyme RNA polymerase causes Each DNA strand serves as a template for 
separation of the two strands of DNA the production of a new strand 
along the region of the DNA that a. The strands of the original DNA 
constitutes a gene. molecule gradually separate along 

b. One of the two separated strands of their entire length and. through 
DNA serves as a template for the complementary base pairing. form a 
production of RNA. This occurs by new complementary strand 
complementary base pairing between b. In this way, each DNA molecule 
the DNA bases and ribonucleotide consists of one old and one new 
bases. strand 

2. During the G, phase of the cell cycle, the 
DNA directs the synthesis of RNA, and 
hence that of proteins 

3. During the S phase of the cycle, DNA 
directs the synthesis of new DNA and 
replicates itself 

4. After a brief rest (Go), the cell begins 
mitosis (the M stage of the cycle) 

a. Mitosis consists of the following 
phases prophase, metaphase, 
anaphase, and telophase. 

b. In mitosis, the homologous 
chromosomes line up single file and 
are pulled by spindle fibers to opposite 


Cytoplasm and Its Organelles 
(pp. 46-50) 


1. Microfilaments and microtubules produce 
a cytoskeleton, which aids movements of 
organelles within a cell 

2. Lysosomes contain digestive enzymes 
and are responsible for the elimination of 
structures and molecules within the cell 
and for digestion of the contents of 
phagocytic food vacuoles. 

3. Mitochondria serve as the major sites for 
energy production in the cell They have 
an outer membrane with a smooth 
contour and an inner membrane with 
numerous infoldings called cristae. 

4. The endoplasmic reticulum is a system of 
membranous tubules in the cell. 

a. The rough endoplasmic reticulum is 
covered with ribosomes and Is 
involved in protein synthesis. 

b. The smooth endoplasmic reticulum 
provides a site for many enzymatic 
reactions and, in skeletal muscles, 
serves to store calcium ions 


Protein Synthesis and Secretion 
(pp. 55-58) 
1, Messenger RNA leaves the nucleus and 
attaches to the ribosomes. 
2. Each transfer RNA, with a specific base 
triplet in its anticodon, bonds to a specific 
amino acid 
a. As the mRNA moves through the 
ribosomes, complementary base 
pairing between tRNA anticodons and 
mRNA codons occurs. 

b. As each successive tRNA molecule 
bonds to its complementary codon, 


Cell Nucleus and Nucleic Acids 
(pp. 50-54) 

1. The cell nucleus is surrounded by a 
nuclear membrane. It contains chromatin, 
which consists of DNA and protein 

2. Nucleic acids include DNA, RNA, and their 
nucleotide subunits. 


a. The DNA nucleotides contain the sugar the amino acid it carries is added to poles 
: deoxyribose, whereas the RNA the end of a growing polypeptide c. This results in the production of two 
; chain. daughter cells that each contain 46 


nucleotides contain the sugar ribose. 


b. There are four different types of DNA 
nucleotides that contain one of four 
possible bases. adenine. guanine, 
cytosine, and thymine. In RNA, the 
base uracil substitutes for the base 
thymine 

c. DNAconsists of two long 
polynucleotide strands twisted into a 
double helix. The two strands are held 
together by hydrogen bonds between 
specific bases—adenine pairs with 
thymine, and guanine pairs with 
cytosine. 


3. Proteins destined for secretion are 
produced in ribosomes located in the 
rough endoplasmic reticulum and enter 
the cisternae of this organelle. 

4. Secretory proteins move from the rough 
endoplasmic reticulum to the Golgi 
apparatus, which consists of a stack of 
membranous sacs 
a. The Golgi apparatus modifies the 

proteins it contains, separates 
different proteins, and packages them 
in vesicles. 


chromosomes, just like the parent cell 


5. Meiosis is a special type of cell division 


that results in the production of gametes 

in the gonads. 

a. The homologous chromosomes line 
up side by side, so that only one of 
each pair is pulled to each pole 

b. This results in the production of two 
daughter cells, each containing only 
23 chromosomes 

c. The duplicate chromatids in each of 
the 23 chromosomes go to each of 
two new daughter cells in the second 
meiotic cell division 


Cell Structure and Genetic Regulation 


Review Activities 


Objective Questions 3. Nerve and skeletal muscle cells in the 


d. proteins are free to move within a 
adult, which do not divide, remain in 


double layer of phospholipids 


. According to the fluid-mosaic model of 
the cell membrane, 
a. protein and phospholipids form a 
regular, repeating structure 
b. the membrane ts a rigid structure 
Cc. phospholipids form a double layer, 
with the polar parts facing each other 


2. After the DNA molecule has replicated 
itself, the duplicate strands are called 
a homologous chromosomes 
b chromatids 
c. centromeres 
d. spindle fibers 


a. the G, phase 
b the S phase 
c. the G» phase. 
d. the Mphase 
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4. The phase of mitosis in which the 


chromosomes line up at the equator of 
the cell is called 

a. interphase. 

b. prophase. 

c. metaphase. 

d. anaphase. 

e. telophase. 


5. The phase of mitosis in which the 


chromatids separate is called 
a. interphase. 
b. prophase. 
c. metaphase. 
d. anaphase. 
e. telophase. 


6. The RNA nucleotide base that pairs with 


adenine in DNA is 
a. thymine. 

b. uracil. 

c. guanine. 

d. cytosine. 


7. Which of the following statements about 


RNA is true? 

a. It is made in the nucleus. 

b. It is double stranded. 

c. It contains the sugar deoxyribose. 

d. Itis a complementary copy of the 
entire DNA molecule. 


8. Which of the following statements about 


mRNA is false? 
a. Itis produced as a larger pre-mRNA. 


b. It forms associations with ribosomes. 
c. Its base triplets are called anticodons. 
d. 


It codes for the synthesis of specific 
proteins. 
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10. 


11. 


12. 


The organelle that combines proteins with 

carbohydrates and packages them within 

vesicles for secretion is 

a. the Golgi apparatus. 

b. the rough endoplasmic reticulum. 

c. the smooth endoplasmic reticulum. 

d. the ribosome. 

The organelle that contains digestive 

enzymes is 

a. the mitochondrion. 

b. the lysosome. 

c. the endoplasmic reticulum. 

d. the Golgi apparatus. 

If four bases in one DNA strand are A 

(adenine), G (guanine), C (cytosine), and 

T (thymine), the complementary bases in 

the RNA strand made from this region are 

a. T.C.G.A. 

b. C,G,A,U. 

c. AG.C.U. 

d. U.C,GA. 

Which of the following statements about 

tRNA Is true? 

a. It is made in the nucleus. 

b. Itis looped back on itself. 

c. It contains the anticodon. 

d. There are over 20 different types of 
tRNA. 

e. All ofthe above are true. 


13. The step in protein synthesis during 


14. 


which tRNA, rRNA, and mRNA are all 
active is known as 

a. transcription. 

b. translation. 

c. replication. 

d. RNA polymerization. 

The anticodons are located in 
{RNA. 

rRNA. 

mRNA. 

ribosomes. 

endoplasmic reticulum. 


e aoc 


Essay Questions 


1. 


2: 


Give examples of different organelles and 
describe their functions. 

Explain how one DNA molecule serves as 
a template for the formation of another 
DNA. What do we mean when we say that 
DNA synthesis is semiconservative? 
What is the genetic code and how does it 
affect the structure and function of the 
body? 

Why is tRNA thought to be the interpreter 
of the genetic code? 

Compare the processing of cellular 
proteins with that of proteins that are 
secreted by a cell. 


, 
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Explain how catalysts fusction ia chemical resell 
and how enzymes function as catalysts. = 


Describe the effects of pH and temperature on 
enzyme activity. mes! 
Describe the effects of cofactors and 
enzyme activity and the effects of sul 
enzyme concentrations. : 


Explain how end-product inhibition affect 
direction of a branched metabolic pa 


Use the first and second laws of thermodys 
explain why some molecules have more che 
bond energy than others. 


Describe the coupling of energy-releasing and 
energy-requiring reactions and discuss the — 
significance of ATP. 


Describe the nature of oxidation-reduction react 


Describe glycolysis in terms of its initial substrate 
and its products. 


Describe the pathway of anaerobic respiration and 
discuss the significance of lactic acid formation. 


Define gluconeogenesis and discuss its significance. 


Describe the fate of pyruvic acid in aerobic 
respiration and discuss the nature of the Krebs cycle, 
naming the products that result from it. 


Explain the function of the electron-transport system 
and the role of oxygen in aerobic respiration. 


Define oxidative phosphorylation, state where it 
occurs, and discuss its significance. 
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Chapter Four 


Enzymes are biological catalysts, functioning to increase the rate of 
chemical reactions. Most enzymes are proteins, and their catalytic 
action results from their complex structure. The great diversity of 
protein structure allows enzyme action to be highly specific. 


Although the ability of yeast cells to make alcohol from glu- 
cose (a process called fermentation) had been recognized 
since antiquity, by the mid-nineteenth century no chemist 
had succeeded in duplicating the process in the absence of 
living yeast. Also, yeast and other living cells could perform 
a vast array of chemical reactions at body temperature that 
could not be duplicated in the chemical laboratory without 
adding a substantial amount of heat energy. These observa- 
tions led many mid-nineteenth-century scientists to con- 
clude that chemical reactions in living cells were aided by a 
vital force that operated beyond the laws of the physical 
world. This vitalist concept was squashed along with the 
yeast cells when a pioneering biochemist, Eduard Buchner, 
demonstrated that juice obtained from yeast could ferment 
glucose to alcohol. The yeast juice was not alive—evidently 
some chemicals in the cells were responsible for fermen- 
tation. Buchner did not know what these chemicals were, 
so he simply named them enzymes. 

Chemically, enzymes are proteins, although it has recent- 
ly been learned that RNA can exhibit very specialized enzy- 
matic activity. Biochemists have demonstrated that enzymes 
act as biological catalysts. A catalyst is a chemical that 
(1) increases the rate of a reaction, (2) is not itself changed 
at the end of the reaction, and (3) does not change the nature 
of the reaction or its final result. The same reaction would 
have occurred to the same degree in the absence of the cat- 
alyst, but it would have progressed at a much slower rate. 

In order for a given reaction to occur, the reactants 
must have sufficient energy. The amount of energy required 
for a reaction to proceed is called the energy of activation. 
By analogy, a match will not burn and release heat energy 
unless it is first activated by striking the match or by placing 
it in a flame. 

In a large population of reactant molecules, only a 
small fraction will possess sufficient energy to participate in 
the reaction. Adding heat will raise the energy level of all 
the reactant molecules, thus increasing the percentage of 
the population with the required energy of activation. Heat 
makes reactions go faster, bur it also produces undesirable 
side effects in cells. Catalysts speed up a reaction at lower 
temperatures by lowering the activation energy required, thus 


Buchner. Eduard German biochemist. 1860-1917 
enzyme: Gk en, in. zyme, yeast 
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ensuring that a larger percentage of the population of reac- 
tant molecules will have sufficient energy to participate 1: 
the reaction (fig. 4.1). 

Since a small fraction of the reactants will have tl 
activation energy required for the reaction even tn th 
absence of a catalyst, the reaction could theoretically occ 
spontaneously at a slow rate. This rate, however, would b 
much too slow for the needs of a cell. So, from a biological 
standpoint, the presence or absence of a specific enzyme cat- 
alyst acts as a switch—the reaction will occur if the enzyme 
is present and will not occur if the enzyme 1s absent. 


Mechanisms of Enzyme Action 


The ability of enzymes to lower the activation energy of 
a reaction is derived from their structure. Enzymes are 
very large proteins with complex, highly ordered, three- 
dimensional shapes produced by physical and chemical 
interactions between their amino acids. Each type of enzyme 
has a characteristic shape, or conformation, with ridges, 
grooves, and pockets that are lined with specific amino acids. 
The particular pockets that are active in catalyzing a reaction 
are called the active sites of the enzyme. 

The model of how enzymes work 1s known as the lock- 
and-key model of enzyme activity (fig. 4.2). The reactant 
molecules, which are the substrates of the enzyme, have 
shapes that allow them to fit into the active sites. The fit 
may not be perfect at first, but a perfect fit may he induced as 
the substrate gradually slips into the active site. This induced 
fit, together with temporary bonds that form between the 
substrate and the amino acids lining the active sites of the 
enzyme, weaken the existing bonds within the substrate mol- 
ecules and allows them to be more easily broken. New bonds 
are more easily formed as substrates are brought close togeth- 
er in the proper orientation. The enzyme-substrate complex, 
formed temporarily in the course of the reaction, then dis- 
sociates to yield products and the free, unaltered enzyme. 


Naming of Eneymes 


Although an international committee has established a 
uniform naming system for enzymes, the names that are in 
common use do not follow a completely consistent pat- 
tern. With the exception of the digestive enzymes that 
were discovered first (including pepsin and trypsin), all 
enzyme names end with the suffix -ase. Classes of enzymes 
are named according to their job category. Hydrolases 
(hi‘dré-las-es), for example, promote hydrolysis reactions. 
Other enzyme categories include phosphatases (fos ‘fe-tas-es), 
which catalyze the removal of phosphate groups; synthetases 
(sin ‘thi-tas-es), which catalyze dehydration sy nthesis 
reactions; and dehydrogenases (de “‘hi-droj @-nds-es), which 
remove hydrogen atoms from their substrates. Enzymes 
called isomerases (i-sum’ 8-rds-es) rearrange atoms within their 


Number of 
reactant molecules ——» 


Number of 
reactant molecules ——» 


Energy of reactants _ = Activation , ETE Activation 


energy Energy of reactants energy 


Activation NS He ad 
energy | \ “a 
5 
2 ‘ 
Ww 
Energy Energy 
released released 
by reaction by reaction 
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Noncatalyzed reaction Catalyzed reaction 
FIGURE 4.1 
A comparison of a noncatalyzed reaction with a catalyzed required for the reaction (shown as a barnier on top of an energy 
reaction. The upper figures compare the proportion of reactant “hill” in the lower figures). Reactants that can overcome this 
molecules that have sufficient activation energy to participate in barrier are able to participate in the reaction, as shown by arrows 
the reaction (green). This proportion 1s increased in the enzyme- pointing to the bottom of the energy hill. 


catalyzed reaction because enzymes lower the activation energy 


QI SS ee EN) 


(Reactants) Enzyme (Products) 


Substrate A 
Product C 


c) 


mote 


» 

2. 
& 
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Substrate B Product D 
(a) Enzyme and substrates (b) Enzyme-substrate complex (c) Enzyme (unchanged) and reaction products 
FIGURE 4.2 


The lock-and-key model of enzyme action. (a) Substrate A and B fit into active 
sites in the enzyme. forming an enzyme-substrate complex (b) This then 
dissociates (c), releasing the products of the reaction and the free enzyme. 71) 


Downloaded from Durr-e-Danish, Library 


Chapter Four 


substrate molecules to form structural isomers. (Examples of 
such structural isomers include glucose and fructose.) 

The names of many enzymes indicate both the sub- 
strate of the enzyme and the activity (job category) of the 
enzyme. Lactic acid dehydrogenase, for example, removes 
hydrogens from lactic acid. Since enzymes are very specific 
as to their substrates and activity, the concentration of a 
specific enzyme in a sample of fluid can be measured rela- 
tively easily. This is usually done by measuring the rate of 
conversion of the enzyme’s substrates into products under 
specified conditions. 

Enzymes that do the same job (that catalyze the same 
reaction) in different organs have the same name, since the 
name describes the activity of the enzyme. Different organs, 
however, may make models of the enzyme that vary slightly 
in one or a few amino acids. These different models of the 
same enzyme are called isoenzymes (i-so-en ‘zimz). The dif- 
ferences in structure do not affect the active sites of the 
enzymes (otherwise they would not catalyze the same reac- 
tion), but at other locations the structural differences make 
it possible to separate the different isoenzymatic forms by 
standard biochemical procedures. These techniques are use- 
ful in the diagnosis of diseases, as described at the end of 


this chapter. 


The rate of an enzyme-catalyzed reaction depends on monerous factors. 
Variations in some of these factors control the rate of progress along 
particular metabolic pathways, and thus help to regulate cellular 


metabolism. 


The activity of an enzyme, as measured by the rate at which 
its substrates are converted to products, is influenced by a 
variety of factors. These include (1) the temperature and 
pH of the solution; (2) the concentration of cofactors and 
coenzymes, which are needed by many enzymes to facili- 
tate their catalytic activity; (3) the concentration of enzyme 
and substrate molecules in the solution; and (4) the stimu- 
latory and inhibitory effects of some products of enzyme 


action on the activity of the enzymes that helped to form 


these molecules. 


fects of Temperature and pH 


An increase in temperature will increase the rate of 
non-enzyme-catalyzed reactions because a larger number 
of reactant molecules will have the activation energy 
A similar relationship between temperature and 


required. 
ecatalyzed reactions. Ata 


reaction rate occurs In enzyme 
temperature of OPC, the reaction rate ts immeasurably 
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FIGURE 4.3 


The effect of temperature on enzyme activity, as measured by the 
rate of the enzyme-catalyzed reaction under standardized 


conditions. 


Enzyme activity 


FIGURE 4.4 


The effect of pH on activity of three digestive enzymes. 


slow. As the temperature is raised above 0°C, the reac- 
tion rate increases, but only up to a point. Ata few degrees 
above body temperature (which is 37°C), the reaction rate 
reaches a plateau; further increases in temperature actually 
decrease the rate of the reaction (fig. 4.3). This is because 
the tertiary structure of enzymes becomes altered at high- 
er temperatures. 

A similar relationship is observed when the rate of an 
enzymatic reaction is measured at different pH values. Each 
enzyme characteristically has its peak activity in a very nat 
row pH range, which is the pH optimum for the enzyme. It 
the pH is changed from this optimum, the reaction rate 
decreases (fig. 4.4). This decreased enzyme activity is due 
to changes in the conformation of the enzyme and in the 


charges of the R groups of the amino > pap SPE RNa S eee Moa eee iy 


acids lining the active sites. ; 

The pH optimum of an enzyme 
usually reflects the pH of the body fluid 
in which the enzyme is found. The 
acidic pH optimum of the protein- 
digesting enzyme pepsin, for example, 
allows it to be active in the strong 
hydrochloric acid of gastric juice. Simi- 
larly, the neutral pH optimum of salivary 
amylase (am‘i-las) and the alkaline pH 
optimum of trypsin (trip ‘sin) in pancre- 
atic juice allow these enzymes to digest 
starch and protein, respectively, in other 
parts of the digestive tract. 


= Although the pH of other body 

fluids shows less variation than the fluids of the 

digestive tract, the pH optima of different enzymes 

found throughout the body do show significant 
differences (table 4.1). Some of these differences can be 
exploited for diagnostic purposes. Disease of the prostate, for 
example, may cause elevated blood levels of a prostatic 
phosphatase with an acidic pH optimum (descriptively called 
acid phosphatase). Bone disease, on the other hand, may 
produce elevated blood levels of alkaline phosphatase, which 
has a higher pH optimum than the similar enzyme released 
from the diseased prostate. 


Substrates 


(a) 


Cofactors and coenzymes 


Many enzymes are completely inactive when they are iso- 
lated in a pure state. Evidently, some of the ions and smaller 
organic molecules that are removed in the purification 9) 
procedure play an essential role in enzyme activity. These 
ions and smaller organic molecules are called cofactors and 
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coenzymes (ko-en “zimz). 

Cofactors are metal ions such as Ca**, Mg**, Mn*’*, (b) 
Cu**, and Zn**. Some enzymes with a cofactor requirement FIGURE 4.5 

re » shaped active site in the absence of 7 

do not have a properly shay ed i h coat The roles of cofactors in enzyme function. In (a) the cofactor 
the cofactor. In these enzymes, the attac iain: of cofactors changes the conformation of the active site, which allows fora 
causes a conformational change in the protein that allows better fit between the enzyme and its substrates. In (b) the 
it to combine with its substrate. The cofactors of other cofactor participates in the temporary bonding between the 


enzymes participate in forming the temporary bonds of the active site and the substrates. 


enzyme-substrate complex (fig. 4.5). 


Coenzymes are organic molecules that are derived from Fubetrate Concentration and Reversible Reactions 


water-soluble vitamins, such as niacin and riboflavin. Coen- 


zymes participate in enzyme-catalyzed reactions by trans- The rate at which an enzymatic reaction converts substrates 
porting hydrogen atoms and small molecules from one into products depends on the enzyme concentration and 
enzyme to another. — on the concentration of substrates. When the enzyme con- 

Examples of the actions of cofactors and coenzymes in centration ts ata given level, the rate of product formation 
specific reactions will be given in the context of their roles will increase as the substrate concentration increases. Even- 
in cellular metabolism later in this chapter. tually, a point will be reached where additional increases 
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Reaction rate 


Substrate concentration 


FIGURE 4.6 

The effect of substrate concentration on the reaction rate of an 
enzyme-catalyzed reaction. When the reaction rate is maximal, 
the enzyme is said to be saturated. 


in substrate concentration do not result in comparable 
increases in the reaction rate. When the relationship 
between substrate concentration and reaction rate reaches a 
plateau, the enzyme is said to be saturated. If one thinks of 
enzymes as workers and substrates as jobs, there is 100% 
employment when the enzyme is saturated; further avail- 
ability of jobs (substrates) cannot increase employment 
(conversion of substrate to product). This concept is illus- 
trated in figure 4.6. 

Some enzymatic reactions within a cell are reversible, 
with both the forward and backward reactions catalyzed by 
the same enzyme. The enzyme carbonic anhydrase, for exam- 
ple, is named because it can catalyze the following reaction: 


H,CO;—— H20 + CO; 


The same enzyme, however, can also catalyze the reverse 


reaction: 


H,O0 + CO, —> H2CO; 


The two reactions can be more conveniently illustrated by a 
single equation: 


H,O + CO) — > H;CO; 


The direction of a reversible reaction depends, in part, 
on the relative concentrations of the molecules to the left 
and right of the arrows. If the concentration of CO) is very 
high (as it is in the tissues), the reaction will be driven to the 
right. If the concentration of CO) is low (as it is in the 
lungs), the reaction will be driven to the left. The princi- 
ple by which reversible reactions are driven from the side 
of the equation where the concentration ts higher to the 
side where the concentration is lower is known as the law of 
mass action. 

Although some enzymatic reactions are not directly 
reversible, the net effects of the reactions can be reversed 
by the action of different enzymes. The enzymes that convert 
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A metabolic pathway, where the product of one enzyme become 
the substrate of the next in a multienzyme system. 
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A branched metabolic pathway. 


glucose to pyruvic acid, for example, are different from those 
that reverse the pathway and produce glucose from pyruvic 
acid. Likewise, the formation and breakdown of glycogen (a 
polymer of glucose) are catalyzed by different enzymes. 


Metabole Pathways 


The many thousands of types of enzymatic reactions within 
a cell do not occur independently of each other. Rather, they 
are all linked together in an intricate web of interrelation- 
ships, the total pattern of which constitutes cellular metab- 
olism. The part of this web that begins with an initial 
substrate, progresses through a number of intermediates, and 
ends with a final product is known as a metabolic pathway. 

The enzymes in a metabolic pathway cooperate ina 
manner analogous to workers on an assembly line: each con- 
tributes a small part to the final product. In this process, the 
product of one enzyme in the line becomes the substrate of 
the next enzyme, and so on (fig. 4.7). 

Few metabolic pathways are completely linear, how- 
ever. Most are branched so that one intermediate at the 
branch point can serve as a substrate for two different 
enzymes. Two different products that serve as intermediates 
of two divergent pathways can thus be formed (fig. 4.8). 


End-Product Inhibition § The activities of enzymes at the 
branch points of metabolic pathways are often regulated by 
a process called end-product inhibition. In this process, one 
of the final products of a divergent pathway inhibits the 
branch-point enzyme that began the path toward the pro- 
duction of this inhibitor. This inhibition prevents that final 
product trom accumulating excessively and results ina shift 
toward the final product of the alternate divergent pathway 


(fig. 4.9). 


The mechanism by which a 
final product inhibits an earlier 


svMmAtiC cask 19 97 DE a F This pathwa 
enzymatic step in its pathway ts sil Enz, Enz, eon ae , 
known as allosteric (al ‘‘d-ster ik) a oe favored @ 


inhibition. The allosteric inhibitor Enz 
combines with a part of the enzyme 

that is distanced from the active 

site; as a result, the active site 

changes shape so that it can no 

longer combine properly with its 

substrate. 


if this tinal 
producl Q) 


accumulates 


Inhibition 


FIGURE 4.9 
End-product inhibition in a branched metabolic pathway. Inhibition 1s shown by the arrow 
in step 2. 


Inborn Errors of Metabolism = Each 
enzyme in a metabolic pathway 
is coded by a different gene. An 
inherited defect in one of these 
genes may result in a disease known 
as an inborn error of metabolism. Abnormal gene 
In this type of disease, the quan- eeenn Casective 
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levels of intermediates or their @ eed : 
alternate derivatives. If the detec- an 
tive enzyme is active at a step that a 
follows a branch point in a path- 
way, the intermediates and final FIGURE 4.10 
products of the divergent pathway The effects of an inborn error of metabolism on a branched metabolic pathway. 
will increase as a result of the 
block in the alternate pathway 
(fig. 4.10). Specific examples of inborn errors of metabolism Bioenergetics refers to the flow of energy in living systems. 
are discussed at the end of this chapter. Organisms maintain their highly ordered structure and life- 


sustaining activities through the constant expenditure of 
energy obtained ultimately from the environment. The energy 
flow in living systems obeys the first and second laws of a 
branch of physics known as thermodynamics. 

According to the first law of thermodynamics, energy 


Living organisms require the constant expenditure of energy to maintain can be transformed (changed from one form to another), 
thetr complex structures and processes. Central to life processes are but it can neither be created nor destroyed. This is some- 
chemical reactions that are coupled, so that the energy released by one times called the law of conservation of energy. As a result of 
reaction 1s incorporated into the products of another reaction. The energy transformations, according to the second law of ther- 
transformation of energy im livmg systems ts largely based.on reactions modynamics, the universe and ity parts (including living 
that produce and break down molecules of ATP and on oxidation: systems) hecome increasingly disorganized. The term entropy 
tedussion searsians. (en trd-pe) 1s used to describe the degree of disorganization 
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bioenergetics Gk. dios, life. energera, work 
thermodynamics’ Gk. therme, heat: dynamis, torce 
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CgH,20, (glucose) + 6 O; 


Free energy 


6 CO; +6H,0 


FIGURE 4.11 

A simplified diagram of photosynthesis. Some of the sun's radiant 
eneray 1s captured by plants and used to produce glucose from 
carbon dioxide and water. As the product of this endergonic 
reaction, glucose has more free energy than the initial reactants. 


of a system. Energy transformations thus increase the amount 
of entropy of a system. Only energy that is in an organized 
state—called free energy—can be used to do work. Thus, 
since entropy increases in every energy transformation, the 
amount of free energy available to do work decreases. As a 
result of the increased entropy described by the second law, 
systems tend to go from states of higher free energy to states 
of lower free energy. 

The chemical bonding of atoms into molecules obeys 
the laws of thermodynamics. Atoms that are organized into 
complex organic molecules, such as glucose, have more free 
energy (less entropy) than six separate molecules each of 
carbon dioxide and water. Therefore, in order to convert 
carbon dioxide and water to glucose, energy Must be added. 
Plants perform this feat using energy from the sun in the 
process of photosynthesis (fig. 4.11 ). 


Fndergonic and Fxergome Reactions 


Chemical reactions that require an input of energy are 
known as endergonic (en ‘der-gon ik) reactions. Since 
energy 1s added to make these reactions “go,” the products 


photosynthesis. Gk. phos, light, synthesis, a putting together 
endergonic. Gk endon. within, ergon, work 
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is contained within the produ 
the fact that energy cannot be create 
of thermodynamics) and from the fact that a more-org 
state of matter contains more free energy (less entropy) thay 


d state (as described by the second law). 


a less-organize ‘ 
free energy than 


The fact that glucose contains more 
carbon dioxide and water can be proven by the combus- 
tion of glucose to CO; and H20. This reaction releases 
energy in the form of heat. Reactions that convert mole- 


cules with more free energy to molecules with less—and, 


therefore, that release energy as they proceed—are called 
exergonic reactions. 

As illustrated in figure 4.12, the amount of energy 
released by an exergonic reaction is the same whether the 
energy is released in a single combustion reaction or in the 
many small, enzymatically controlled steps that occur in 
tissue cells. The energy that the body obtains from the con- 
sumption of particular foods, therefore, can be measured 
as the amount of heat energy released when these foods 
are combusted. 

Heat is measured in units called calories. One calorie is 
defined as the amount of heat required to raise the temper- 
ature of one cubic centimeter of water by one degree Cel- 
sius. The caloric value of food is usually indicated tn 
kilocalories (1 kilocalorie equals 1000 calories), which are 
often called large calories, designated with a capital C. 


Coupled Reactions: AIP 


In order to remain alive, a cell must maintain its highly orga- 
nized, low-entropy state at the expense of free energy in its 
environment. Accordingly, the cell contains many enzymes 
that catalyze exergonic reactions using substrates that come 
ultimately from the environment. The energy released by 
these exergonic reactions ts used to drive the energy-requiring 
processes (endergonic reactions) in the cell. Since the cell 
cannot use heat energy to drive energy-requiring processes, 
chemical-bond energy that is released in the exergonic reac- 
tions must be directly transferred to chemical-bond energy 
in the products of endergonic reactions. Energy-liberating 
reactions are thus coupled to energy-requiring reactions. Pic- 
ture, for example, two meshed gears. The turning of one (the 
energy-releasing, exergonic gear) causes turning of the other 
(the energy-requiring, endergonic gear). This relationship is 
illustrated in figure 4.13. 

As shown in figure 4.14, the energy released by most 
exergonic reactions in the cell is used—either directly or 
indirectly—to drive the formation of adenosine triphosphate 


exergonic: Gk exo, outside; ergon, work 
calorie: L. calor, heat 
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FIGURE 4.12 


Since glucose contains more free energy than carbon dioxide 
and water, the combustion of glucose is an exergonic reaction. 
The same amount of energy is released when glucose is broken 


down stepwise within the cell. 


Products 


©) 


Reactants 


‘ © b 


Q 


Exergonic reactions Endergonic reactions 


Free energy 


£4.13 
mo FIGUE kate exergonic and endergonic reactions. 
A model ott the exergonic reaction (represented by the larger 
The reactants © ep anergt than the products of the endergonic 
gear) have more is not | 00% efficient—some energy 


soupling ! 
reaction bacause the coupling 


is Jost as heat. 


Adenosine diphosphate (ADP) 


+ 


Inorganic phosphate (P,) 


Adenosine triphosphate (ATP) 
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FIGURE 4.14 


The formation and structure of adenosine triphosphate (ATP). 
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(a-den %-sén i-fos fat) (ATP) from adenosine diphos- 
phate (ADP) and inorganic phosphate (P,). 
Because the formation of ATP from ADP 
and P, requires an input of free energy, it 
is endergonic. 

ATP formation requires 
the input of a fairly large 
amount of energy. Since this 
energy must be conserved 
(first law of thermodynam- 
ics), the bond that is pro- 
duced by joining P, to ADP 
must contain a part of this 
energy. Thus, when enzymes 
reverse this reaction and convert ATP 
to ADP and P,, a large amount of 
energy is released. Energy released from 
the breakdown of ATP is used to power 
the energy-requiring processes in all cells. As the 
universal energy carrier, ATP serves to more effi- 
ciently couple the energy released by the breakdown 
of food molecules to the energy required by the 
diverse endergonic processes in the cell (fig. 4.15). 


Coupled Reactions: Oxidation- Reduction 


When an atom or a molecule gains electrons, it is 
said to become reduced; when it loses electrons, it 
is said to hecome oxidized. Reduction and oxida- 
tion are always coupled reactions: An atom or a 
molecule cannot become oxidized unless it donates 
electrons to another, which therefore becomes 
reduced. The atom or molecule that donates elec- 
trons to another is a reducing agent; the one that 
accepts electrons from another is an oxidizing agent. 
It should be noted that an atom or a molecule may 
function as an oxidizing agent in one reaction and 
as a reducing agent in another reaction. It may gain 
electrons from one atom or molecule and pass them 
on to another in a series of coupled oxidation- 
reduction reactions—like a bucket brigade. 
Notice that use of the term oxidation does not imply 
that oxygen participates in the reaction. This term is derived 
from the fact that oxygen has a great tendency to accept 
electrons; that is, to act as a strong oxidizing agent. This 
property of oxygen ts exploited by cells. Oxygen acts as the 
final electron acceptor in a chain of oxidation-reduction 


4 


: 


MD pore: 


reactions that provides energy for ATP production. 
Oxidation-reduction reactions in cells often involve 
the transfer of hydrogen atoms rather than tree electrons. 
Since a hydrogen atom contains one electron (and one pro- 
ton in the nucleus), a molecule that loses hydrogen becomes 
oxidized, and one that gains hydrogen becomes reduced. In 
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(0 FIGURE 4.15 

A model of ATP as the universal energy carrier of the cell. Exergonic 
reactions are shown as gears with arrows going down (reactions produce a 
decrease in {ree energy); endergonic reactions are shown as gears with 
arrows going up (reactions produce an increase in free energy). 


BEG from one molecule to another. In the first reaction, NADis 
reduced (acts as an oxidizing agent); in the second reaction, NAD 
vis prized (acts asa reducing agent). 


rorya eect sk 5 25% Tees 44 we oe. - ‘- ’ 
many oxidation-reduction reactions, pairs of electrons— 
either as free electrons or as a pair of hydrogen atoms—are 
transferred from the reducing agent to the oxidizing agent. 
Two molecules that serve important roles in the trans- 
fer of hydrogens are nicotinamide (nik “6-tin‘a-mid) adenine 
dinucleotide (NAD), derived from niacin (vitamin By), and 
flavin adenine dinucleotide (FAD), derived from riboflavin 
(vitamin Bz). These molecules are hydrogen carriers because 
they accept hydrogens (becoming reduced) in one enzyme 
reaction and donate hydrogens (becoming oxidized) ina 
different reaction (fig. 4.16). The oxidized forms of these 
molecules may be written as simply NAD and FAD. 


Each FAD can accept two electrons and can bind two 
protons. Therefore, the reduced form of FAD can combine 
with the equivalent of two hydrogen atoms and may be writ- 
ten as FADH). Each NAD can also accept two electrons but 
can bind only one proton. The reduced form of NAD is there- 
fore indicated by NADH + H?* (the H? represents a free pro- 
ton). When the reduced forms of these two coenzymes 
participate in an oxidation-reduction reaction, they transfer 
two hydrogen atoms to the oxidizing agent (fig. 4.16). 


a We need niacin and riboflavin in our diet primarily 

for the production of the coenzymes NAD and FAD. 

In the next sections of this chapter, we will describe 

the role of NAD and FAD in transferring hydrogen 
atoms in the chemical reactions that provide energy for the 
body. Niacin and riboflavin do not themselves provide the 
energy, although this is often claimed in misleading 
advertisements for health foods. Nor can eating extra 
amounts of niacin and riboflavin provide extra energy. 
Once the cells have obtained sufficient NAD and FAD, 
excess amounts of niacin and riboflavin are simply 
eliminated in the urine. 


Glycolysis and Anaerobic 


Respiration 


In cellular respiration, chemical reactions liberate energy, some of 
which ts used to produce ATP. Although the complete combustion of a 
molecule requires the presence of oxygen, some energy can be obtamed 
in the absence of oxygen by anaerobic respiration. This process 
produces two ATP molecules per glucose molecule, resulting in the 


formation of lactic acid. 


All of the reactions in the body that involve energy trans- 
formation are collectively termed metabolism (mé-tab‘6- 
liz’’em). Metabolism may be divided into two categories: 
anabolism (a-nab 6-liz“em) and catabolism (ka-tab 6-liz““em). 
Catabolic reactions release energy, usually by the breakdown 
of larger organic molecules into smaller molecules. Anabolic 
reactions require the input of energy and include the synthe- 


sis of large, energy-storage molecules, such as glycogen, far, 
and protein. 

The catabolic reactions that break down glucose, fatty 
acids, and amino acids serve as the primary sources of energy 
for the cellular synthesis of ATP. Collectively, these meta- 
bolic pathways refer to the process of cellular respiration. 
When oxygen serves as the final electron acceptor, we use 
the term aerobic (a-ru bik) cell respiration. The final prod- 


metabolism Gk metabole, change 
anabolism Gk anabole, a raising up 
catabolism Gk Aatabole, a casting down 
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ucts of aerobic respiration are carbon dioxide, water, and 
energy (a part of which is trapped in the chemical bonds of 
ATP). The overall equation for aerobic respiration, there- 
fore, is identical to the equation that describes combustion 
(fuel + O; 3 CO; + H)O + energy). 

Notice that the term respiration refers to chemical reac- 
tions that liberate energy for the production of ATP. The 
oxygen used in aerobic respiration by tissue cells is obtained 
from the blood. The blood, in turn, becomes oxygenated in 
the lungs by the process of breathing. Breathing (also called 
ventilation or external respiration) is thus needed for, but is 
different from, aerobic respiration. 

Unlike combustion, the conversion of glucose to car- 
bon dioxide and water within the cells occurs in small, enzy- 
matically catalyzed steps. Oxygen is used only at the last 
step, as will be described later in this chapter. Since a small 
amount of the chemical-bond energy of glucose is released at 
early steps in the metabolic pathway, some cells in the body 
can obtain energy for ATP production in the temporary 
absence of oxygen. This process is described next. 


biycolysis 

Both the anaerobic and the aerobic respiration of glucose 
begin with a metabolic pathway known as glycolysis 
(gli“col1-sis). Glycolysis is the metabolic pathway by 
which glucose, a six-carbon (hexose) sugar, ts converted 
into two molecules of pyruvic (pi-roo vik) acid. Even 
though each pyruvic acid molecule is roughly half the size 
of a glucose, glycolysis is not simply the breaking in half 
of glucose. Glycolysis is a metabolic pathway involving 
many enzymatically controlled steps. 

Each pyruvic acid molecule contains three carbons, 
three oxygens, and four hydrogens. The number of carbon 
and oxygen atoms in one molecule of glucose, CoH) 20%, can 
be accounted for in the two pyruvic acid molecules. Since 
the two pyruvic acids together account for only eight hydro- 
gens, however, it is clear that four hydrogen atoms are 
removed from the intermediates in glycolysis. Each pair of 
these hydrogen atoms is used to reduce a molecule of NAD. 
In this process, each pair of hydrogen atoms donates two 
electrons to NAD, thus reducing it. The reduced NAD binds 
one proton from the hydrogen atoms, leaving one proton 
unbound as H* (as previously described). Starting from one 
glucose molecule, therefore, glycolysis results in the pro- 
duction of two molecules of NADH and two H*. The H* 
will follow the NADH in subsequent reactions, so tor sim- 
plicity we can reter to reduced NAD simply ax NADH. 


anaerobic Gk. an, without, ger, air, bios, lite 
glycolysis Gk glyco sugar, fysis, breaking 
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Glycolysis is exergonic, and a portion of the energy 
that is released is used to drive the endergonic reaction ADP 
+ P, > ATP. Ac the end of the glycolytic pathway, there is a 
net gain of two ATP molecules per glucose molecule, as indi- 
cated in the overall equation for glycolysis: 


Glucose + 2NAD + 2ADP + 2P, 3 
2 pyruvic acid + 2NADH + 2ATP 


Although the overall equation for glycolysis is exer- 
gonic, glucose must be activated at the beginning of the 
pathway before energy can be obtained. This activation 
requires the addition of two phosphate groups derived from 
two molecules of ATP. Energy from the reaction ATP 3 
ADP + P, is therefore consumed at the beginning of glycol- 
ysis. This is shown as an “up-staircase” in figure 4.17. In this 
part of the pathway, the P, is not shown because the phos- 
phate is not released but instead is added to the intermedi- 
ate molecules of glycolysis. In later steps, four molecules of 
ATP are produced (and two molecules of NAD are reduced) 
as energy is liberated (the “down-staircase” in figure 4.17). 


Glucose 
S 
a 
5 
2 
1c 
FIGURE 4.17 


The two molecules of ATP used in the beginning, there: 
represent an energy investment; the net gain of two - 
and two NADH by the end of the pathway represen) 
energy profit. 

The overall equation for glycolysis obscures the toc; 
that this metabolic pathway consists of nine separare 
steps. The individual steps in this pathway are shown in 
figure 4.18. 


Anaerobie Respiration 


In order for glycolysis to continue, adequate amounts of 
NAD must be available ro accept hydrogen atoms. There- 
fore, the NADH that is produced in glycolysis must 
become oxidized by donating its electrons to another 
molecule. (In aerobic respiration this other molecule is 
located in the mitochondria and ultimately passes its 
electrons to oxygen.) 

When oxygen is not available in sufficient amounts, 
the NADH (+ H*) produced in glycolysis is oxidized in 
the cytoplasm by donating its electrons to pyruvic acid. 


2 ADP + 2P, 


—o Gm 


2 ADP + 2P, 


Pyruvic acid 


The energy expenditure and gain in glycolysis. Notice that there is a “net profit” of 
two ATP and two NADH molecules per glucose molecule in glycolysis. Molecules 
listed by number are (!) fructose 1,6-diphosphate; (2) 1,3-diphosphoglyceric acid: 


and (3) 3-phosphoglyceric acid (see fig. 4.18) 
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Glucose (CgH,,0,) This results in the re-formation of NAD and the addition 
of two hydrogen atoms to pyruvic acid, which 1s thus 
reduced. This addition of two hydrogen atoms to pyruvic 

Gr) ® acid produces lactic acid (fig. 4.19). The metabolic path- 
way by which glucose is converted to lactic acid may be 

epee en called anaerobic respiration. This term emphasizes the fact 
that ATP is produced in the absence of oxygen. (The meta- 


bolic pathway that produces lactic acid also may be called 


@ lactic acid fermentation, since it is similar to the pathway 
by which yeast cells produce alcohol.) 

Fructose 6-phosphate Anaerobic respiration yields a net gain of two ATP 
Ge) molecules (produced by glycolysis) per glucose molecule. A 
@ cell can survive anaerobically as long as it can produce suf- 
Ane ficient energy for its needs in this way and as long as lactic 
Dihydroxy- acid concentrations do not become excessive. Some tissues 

Fructose 1,6-diphosphate acetone 


are better adapted to anaerobic respiration than others; for 
example, skeletal muscles survive longer than cardiac mus- 


@ cle, which in turn can survive under anaerobic conditions 
longer than can the brain. 


phosphate 


3-Phosphoglyceraldehyde 3-Phosphoglyceraldehyde Except for red blood cells, which can respire only E 
P, P, anaerobically (thus sparing the oxygen they carry), anaer- 
NAD NAD obic respiration provides only a temporary sustenance for 2 
2H © 2H © tissues that have energy requirements in excess of their = 
NADH NADA aerobic ability. Anaerobic respiration can occur only for g 
1,3-Diphosphoglyceric acid 1.3-Diphosphoglyceric acid a limited period of time (longest for skeletal muscles, = 
ADP ADP shorter for the heart, and shortest for the brain) when 3 
the ratio of oxygen supply to oxygen need (related to the a 
Gr) © | © concentration of NADH) falls below a critical level. 3 
Anaerobic respiration can be viewed, then, as an emer- E 
3-Phosphoglyceric acid 3-Phosphoglyceric acid gency procedure that provides some ATP until the emer- 5 

gency (oxygen deficiency) has passed. It should be noted, 

©) ©) though, that there is no real “emergency” in the case of 

skeletal muscles, where anaerobic respiration is a normal 

2-Phosphoglyceric acid 2-Phosphoglyceric acid occurrence that does not harm the tissue or the individ- 

ual. Anaerobic respiration does not normally occur in the 

heart, however, and when it does it may signify a poten- 


tially dangerous condition. 


Phosphoenolpyruvic acid Phosphoenolpyruvic acid 


NADH +H* NAD 


Pyruvic acid (C3H,Os) Pyruvic acid (C3H,03) OH LDH | | Now 
HH 
(2) FIGURE 4.18 Pyruvic acid Lactic acid 


In glycolysis, one glucose molecule is converted into two pyruvic 

eparate steps. In addition to two pyruvic 

les of NADH and four FIGURE 4.19 

The addition of two hydrogen atoms (colored boxes) from reduced 
NAD to pyruvic acid produces lacnic acid and oxidized NAD. This 
reaction is catalyzed by lactic acid dehydrogenase (LDH). 


acid molecules in nine $s 
acids, these products include two molecu 
Since two ATP molecules were used at the 


molecules of ATP 
however, the net gain is two ATP 


beginning of glycolysis 
molecules per glucose. 
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- Ischemia refers to inadequate blood flow to an organ, 
such that the rate of oxygen delivery is insufficient to 
maintain aerobic respiration. Inadequate blood flow 
to the heart, or myocardial ischemia, may occur if the 

coronary blood flow is occluded by atherosclerosis, a blood 
clot, or by an artery spasm. People with myocardial ischemia 
often experience angina pectoris, severe pain in the chest 
and left (or sometimes, right) arm area. This pain 1s associated 
with increased blood levels of lactic acid, which are produced 
by anaerobic respiration by the heart muscle. The degree of 
ischemia and angina can be decreased by vasodilator drugs, 
such as nitroglycerin and amy] nitrite, which improve blood 
flow to the heart and also decrease the work of the heart by 
dilating peripheral blood vessels. 


Gluconeogenesis Some of the lactic acid produced by 
exercising skeletal muscles is delivered by the blood to the 
liver. The enzyme lactic acid dehydrogenase within liver 
cells is then able to convert lactic acid to pyruvic acid. In 
the process, NAD is reduced to NADH + H*. Unlike most 
other organs, the liver contains the enzymes needed to 
take pyruvic acid molecules and convert them to glucose 
6-phosphate in a process that is essentially the reverse of 
glycolysis. Glucose 6-phosphate in liver cells then can be 
used as an intermediate for glycogen synthesis, or it can 
be converted to free glucose that is secreted into the blood. 

The conversion of noncarbohydrate molecules (lactic 
acid, amino acids, and glycerol) through pyruvic acid into 
glucose is an extremely important process called gluconeo- 
genesis (gloo“‘ko-ne “-jen ‘i-sis). In starvation and in pro- 
longed exercise, when glycogen stores are depleted, the 
formation of new glucose in this way becomes the only 
means for maintaining constant blood sugar levels. Under 
these conditions, gluconeogenesis in the liver is the only 
way that adequate blood glucose levels can be maintained 
to prevent brain death. 
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During exercise, some of the lactic acid produce 

skeletal muscles may be transformed through 

gluconeogenesis in the liver to blood glucose. Tr 

new glucose can serve das an energy source dur; 
exercise, and can be used following exercise in order to 
replenish the depleted muscle glycogen This two-way tra 
between skeletal muscles and the liver is called the Cori 
cycle (fig. 4.20). Through the Con cycle, gluconeogenesis 
the liver allows depleted skeletal muscle glycogen to be 
restored within 48 hours. 


flerobic Respiration 


In the aerobic respiration of glucose, pyruvic acid is formed by glycolysis 
and then converted into acetyl coenzyme A. This begins the cyclic 
metabolic pathway of the Krebs cycle. As a result of these pathways, a 
large number of reduced NAD and FAD molecules are generated. 
These reduced coenzymes provide electrons for an energy-generating 


process that drives the formation of ATP. 


Aerobic respiration is equivalent to combustion in terms of 
its final products (CO; and H;O) and in terms of the total 
amount of energy liberated. In aerobic respiration, however, 
the energy is released in small, enzymatically controlled ox1- 
dation reactions, and a portion (38%-40%) of the energy 
released in this process is captured in the high-energy bonds 
of ATP. 

The aerobic respiration of glucose begins with glycol- 
ysis. Glycolysis in both anaerobic and aerobic respiration 
results in the production of two molecules of pyruvic acid, 
two molecules of ATP, and two molecules of NADH + H* 


Cori cycle: from Carl F. Cori, American biochemist, 1896-1984 
Krebs cycle: from Hans A. Krebs, German biochemist, 1900-1981 
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per glucose molecule. In anaerobic respiration, the NADH 
becomes oxidized by the conversion of pyruvic acid to lactic , 
acid in the cytoplasm. In aerobic Tespiration, however, the ee 
pyruvic acids will move to a different cellular location and 
undergo a different reaction; the NADH will eventually be 
oxidized, but that occurs later in the story. 7s S— CoA 

In aerobic respiration, pyruvic acid leaves the cell HO 0 
cytoplasm and enters the Interior (the matrix) of mito- Pyruvic acid Coenzyme A Acetyl coenzyme A 
chondria. Once pyruvic acid is inside a mitochondrion, 
carbon dioxide is enzymatically removed from each three- FIGURE 4.21 
carbon-long pyruvic acid to form a two-carbon-long organic The formation of acety] coenzyme A in aerobic respiration. 
acid—acetic acid. The enzyme that catalyzes this reaction 
combines the acetic acid with a coenzyme (derived from 
pantothenic acid) called coenzyme A. The combination 
produced is called acetyl (as @-tl) coenzyme A, abbrevi- 
ated acetyl CoA (fig. 4.21). 

Glycolysis converts one glucose molecule into two mol- 
ecules of pyruvic acid. Since each pyruvic acid molecule is 
converted into one molecule of acetyl CoA and one of CO), 
two molecules of acetyl CoA and two molecules of CO) are 
derived from each glucose. The acetyl CoA molecules serve 
as substrates for mitochondrial enzymes in the aerobic path- 
way; the CO) ts a waste product in this process, which is 
carried by the blood to the lungs for elimination. (It should 
be noted that the oxygen in CO; is derived from pyruvic — 


acid, not from oxygen gas.) 60s 
NADH + H* 


The Hrebs Cycle ama | Vere 


Once acetyl CoA is formed, the acetic acid subunit (two 
carbons long) is combined with oxaloacetic acid (four car- 


bons long) to form a molecule of citric acid (six carbons 

long). Coenzyme A acts only as a transporter of acetic acid Oxaloacetic acid G, 
from one enzyme to another (similar to the transport of 

hydrogen by NAD). The formation of citric acid begins a co, i 


+ CO, 


Glycolysis 


C3 Pyruvic acid 
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cyclic metabolic pathway known as the citric acid cycle, Kaenceee 
or TCA cycle (for tricarboxylic acid, citric acid having C, Citric acid 
three carboxylic acid groups). Most commonly, however, 
this cyclic pathway is called the Krebs cycle, atter its prin- a-Ketoglutaric acid 
cipal discoverer, Sir Hany Krebs. A simplified illustration 
of this pathway Is shown in figure 4.22. 

Through a series of reactions involving the elimina- ons 


as two CO) mole- 
cules) and the removal of hydrogens, citric acid is eventually FIGURE 4.22 
hich ¢ sletes the cyclic A simplified diagram of the Krebs cycle showing how the 

converted to oxaloacetic acid, which completes the cy : 

Le fall ii events original four-carbon-long oxaloacetic acid is regenerated at 

: : ‘ “¢ . Ww eve : 

metabolite pathw ay. In thts process the hi : 8 | the end of the cyclic pathway. Only the numbers of carbon 
occur: (1) one guanosine triphosphate (GTP) ts proaducec atoms in the Krebs cycle intermediates are shown: the 
(step 5 of figure 4.23), which donates a phosphate group to numbers of hydrogens and oxygens are not accounted for in 


ADP to produce one ATP; (2) three molecules of NAD are 


Cs 


tion of two carbons and four oxygens ( 


this simplified scheme 
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The Krebs cycle. 


reduced (steps 4, 5, and 8 of figure 4.23); and (3) one mol- 
ecule of FAD is reduced (step 6). 

The production of reduced NAD and FAD (that is, 
NADH and FADH;) by each turn of the Krebs cycle ts far 
more significant, in terms of energy production, than the 
single GTP (converted to ATP) produced directly by the 
cycle. This is because NADH and FADH)? eventually donate 
their electrons to an energy-generating process that results in 
the formation of many molecules of ATP. 


Flectron Transport and Oudative Phosphorylation 


Built into the foldings, or cristae, of the inner mitochondrial 
membrane are a series of molecules that serve in electron 
transport during acrobic respiration. This electron-transport 
chain of molecules consists of a flavoprotein (derived from 
nbothavin), coenzyme QO (derived trom vitamin BE), and a 


@--~ 
2H 
NAD 


COOH 
oy 4 
@-« H-G-H 
2H ; 
NAD c=0 
COOH 


a-Ketoglutaric acid (Cs) 


group of iron-containing pigments called cytochromes. The 
last of these cytochromes is cytochrome a3, which donates 
electrons to oxygen in the final oxidation-reduction reac- 
tion (to be described shortly). These molecules of the 
electron-transport system are fixed in position within the 
inner mitochondrial membrane in such a way that they can 
pick up electrons from NADH and FADH) and transport 
them in a definite sequence and direction. 

In aerobic respiration, NADH and FADH) become oxi- 
dized by transferring their pairs of electrons to the electron: 
transport system of the cristae. The protons (H*) are not 
transported together with the electrons; their tate will be 
described a little later. The oxidized forms of NAD and FAD 
are thus regenerated and can continue to shuttle electrons 
from the Krebs eycle to the electron-transport chain. The first 
molecule of the electron-transport chain becomes reduced 
When it accepts the electron pair trom NADH. When the 
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cytochromes NAD 
receive a pair of 
electrons, two fer- 


= ch 
ric ions (Fe***) | NADY) +H 
become reduced to 2H* | C ADP + P, 


two ferrous ions 2e° Gr) 


(Fe**). (Notice that | 
F 


the gain of an elec- ADH, Oxidized 
FAD Reduced 


S—H, 


tron is indicated by 
the reduction of the 
number of positive 
charges.) 

The electron-trans- 
port chain thus acts as an oxi- 
dizing agent for NAD and FAD. 
Each element in the chain, however, 
also functions as a reducing agent; one 
reduced cytochrome transfers its electron 
pair to the next cytochrome in the chain 
(fig. 4.24). In this way, the iron ions in each 
cytochrome alternately become reduced (to ferrous 
ions) and oxidized (to ferric ions). This is an exergonic 
process, and the energy derived is used to phosphorylate 
ADP to ATP. Thus, the production of ATP in this manner 
is appropriately termed oxidative phosphorylation (ok “sT- 
da‘tiv fos for-t-la shun). 


Function of Oxygen = [f the last cytochrome remained ina 
reduced state, it would be unable to accept more electrons. 
Electron transport would then progress only to the next-to- 
last cytochrome. This process would continue until all of 
the elements of the electron-transport chain remained in 
the reduced state. At this point, the electron-transport sys- 
tem would stop functioning and no ATP could be produced 
within the mitochondria. With the electron-transport system 
incapacitated, NADH and FADH); could not become oxi- 
dized by donating their electrons to the cytochrome chain, 
and through inhibition of Krebs cycle enzymes, no more 
NADH and FADH; could be produced in the mitochon- 
dna. With cessation of the Krebs cycle, respiration would 
become anaerobic. 

Oxygen, from the air we breathe, allows electron trans- 
port to continue by functioning as the final electron accep- 
tor of the electron-transport chain. This oxidizes 
a; so that electron transport and oxidative 


cytochrome 
At the very last step of aer- 


phosphorylation can continue, 
obie respiration, therefore, oxygen becomes reduced by the 
two electrons that were passed to the chain from NADH 
and FADH>. This reduced oxygen binds two protons, anda 
molecule PY water is formed. Since the oxygen atom ts part 
of a molecule of oxygen gas (O;), this last reaction can be 


shown as follows: 


O, + 4e° + 4H* > 21,0 


Cytochrome b 


(oO FIGURE 4.24 
Electron transport and oxidative 
phosphorylation. Each element in the 
electron-transport chain alternately becomes 
reduced and then oxidized as 1t transports 
electrons to the next member of the chain. 
This process provides energy for the 
formation of ATP. At the end of the electron- 
Fe+* transport chain, the electrons are donated to 
oxygen, which becomes reduced (by the 


_ addition of two hydrogen atoms) to water. 
ett+ 


| ADP +P, 
v6 & 
Fe** Fet** 
( Cytochrome ) 
c, and c Cytochrome a 
Fe+++ Fer+ 
| ADP +P. 
7 


Fett 
(Cytochrome a; H,0 
Fets+ «/ \e 26 y d hee 
202 
2H* ? 


= Cyanide is a fast-acting lethal poison that produces 
symptoms of rapid heart rate, hypotension, coma, 
and ultimately death in the absence of quick 
treatment. The reason cyanide is so deadly is that it 
has one, very specific action: it blocks the transfer of electrons 
from cytochrome a3 to oxygen. The effects are thus the same 
as would occur if oxygen were completely removed—aerobic 
cell respiration and the production of ATP by oxidative 
phosphorylation come to a halt 


AIP Balance sheet 


Each time the Krebs cycle turns, three molecules of NAD 
are reduced by electrons from three pairs of hydrogens 
removed from Krebs cycle intermediates. Each NADH 
donates a pair of electrons to the electron-transport chain. 


Transport of this pair of electrons to oxygen generates energy 
for the production of three molecules of ATP through 
oxidative phosphorylation. Electrons from FADH)> enter 
the electron-transport chain “down the line” from where 
the first ATP is produced. Each pair of electrons from 
FADH), therefore, produces only two molecules of ATP 
from oxidative phosphorylation. 

Since one NADH provides electrons for the produc- 
tion of three ATP, the three NADH produced per turn of 
the Krebs cycle results in the production of nine ATP mol- 
ecules. The single FADH?2 per turn of the Krebs cycle results 
in the production of two ATP. Together with the single ATP 
made directly by the Krebs cycle, each turn of the Krebs 
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‘Table h pee Maxinvuns ATP yield: per glucces in peste respiration” vA 

Phase of respiration ATP produced directly Reduced coenzymes ATP from oxidative 


phosphorylation 


“One glucose molecule yields two pyruvic acid molecules, and each of these results in two turns of the Krebs cycle. 


cycle thus yields a total of twelve ATP molecules. Since one 
molecule of glucose produces two pyruvic acids, and thus 
two turns of the Krebs cycle, a total of twenty-four ATP mol- 
ecules are produced by a single molecule of glucose, taking 
into account only the ATP made by the Krebs cycle and its 
NADH and FADH; products. 

The conversion of pyruvic acid to acetyl CoA, how- 
ever, also involves the reduction of one NAD (see fig. 
4.21). Since two pyruvic acids are produced per glucose, 
two NADH are formed. And, since each NADH molecule 
yields three ATP molecules by oxidative phosphorylation, 
a total of twenty-four plus six, or thirty, ATP molecules are 
made in the mitochondrion from the steps that occur 
beyond pyruvic acid. 

Now recall that two molecules of NADH are produced 
in the cytoplasm during glycolysis (conversion of glucose to 
pyruvic acid). These NADH cannot directly enter the mito- 
chondria; instead, they donate their electrons to other mol- 
ecules that “shuttle” these electrons into the mitochondria. 
Depending upon which shurtle is used, either two or three 
ATP can be produced from each of these cytoplasmic NADH 
electrons through oxidative phosphorylation. A total of four 
or six ATP molecules are thus produced. Added to the 
thirty ATP previously mentioned, this brings the total to 
thirty-four or thirty-six (depending upon which shuttle is 
used for the cytoplasmic electrons). Now, when we add the 
two molecules of ATP produced directly by glycolysis, a 
grand total of thirty-six to thirty-eight ATP are produced 
hy the aerobic respiration of glucose (table 4.2). 


Fnergy from Glycogen, Fat. and Protem 


Excess ATP ts nor stored in cells. If more energy (measured 
in kilocalories) Is invested as food than Is needed for the 
production of ATI, the excess energy ty stored primarily as 
glycogen and far. Since glycogen ts a polysaccharide of 


@ 
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glucose, the conversion of glucose to glycogen is relatively 
straightforward. Glucose can also be changed into fat, using 
the intermediates of phosphoglyceraldehyde and acety! 
CoA (fig. 4.25). 

During periods of fasting or exercise, the energy stored 
as glycogen and fat is available for the production of ATP. 
The general pathways by which these molecules can fit into 
the scheme for cell respiration are summarized in figure 4.25. 
Fatty acids, in particular, are a rich source of energy that can 
be used to generate many molecules of acetyl CoA, thus ini- 
tiating many Krebs cycles and producing large amounts of 
ATP through the electron-transport chain. Proteins can also 
be metabolized for energy once their amine groups are 
removed (the amines are incorporated into molecules of 
urea). Some of the intermediate steps in cell respiration are 
therefore shared by carbohydrates, lipids, and proteins. These 
shared intermediates provide a framework by which these 
different classes of molecules can he interconverted, as 
shown by the reversible arrows in figure 4.25. 

The storage and utilization of carbohydrates, lipids, 
and proteins for energy are regulated according to the needs 
of the body by vartous hormones. A more detailed account- 
ing of the reactions involved, including the hormonal regu- 
lation of metabolism, is provided in ch; ipter 27, following a 
discussion of the digestive system. 


Clinical Considerations 


Liinical Enzyme Measurements 


Assays of Enzymes in Plasma) When tissues become dam- 
aged as a result of diseases, some of the dead cells disinte- 
grate and release their enzymes into the blood. Most of 
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these enzymes are not normally active in 
the blood because their specific substrates Fe 
are not available, but their enzymatic i 
activity can be measured in a test tube - 
by the addition of the appropriate sub- 
strates to samples of plasma. Such mea- 
surements are clinically useful because 
abnormally high plasma concentrations 
of particular enzymes are characteristic 
of certain diseases (table 4.3). 


Identification of Isoenzymes = Dif- 
ferent organs, when they are diseased, 
may liberate different isoenzymatic 
forms of an enzyme that can be mea- 
sured ina clinical laboratory. For exam- 
ple, the enzyme creatine phosphokinase 
(abbreviated ether CPK or CK) exists 
in three isoenzymatic forms. These 
forms are identified by two letters that 
indicate two components of this enzyme. One form is iden- 


MM and ts Itherated from dise: ased skeletal muscle; 


tified as 
1 hy a damaged brain; and the third 


the second ts BB, releasec 
is MB, rele: ised from a dise. ised heart. Newer clinical tests 


utilize antibodies that can bind to the M and B components 
to measure only the level of the MB torm in the blood when 
heart disease ts suspected. Another enzyme commonly tested 
in clinical laboratories 1 lactate dehydrogenase (LDH), 


which 1s five tsoenzymatic forms. 


Phosphoglyceraldehyde 4 


|| 
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Kaho S; rat lax lee Urea 
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—————> 
Protein 
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Table i" qe ates Tekoclated with abnormal ines 


~ concentrations of selected enzymes 


e (or creatine 
e-CPK) 


Associated disease(s) 

Obstructive jaundice, Paget's disease (osteitis 
deformans), carcinoma of bone { 

Benign hypertrophy of prostate, cancer of prostate 

Pancreatitis, perforated peptic ulcer 


Muscular dystrophy 


Muscular dystrophy, myocardial infarction 


Metabohc Disturbances 
Phenylketonuria (PKU) = The branched metabolic pathway 


that begins with phenylalanine as the initial substrate is sub- 
4.26). 


ject to a number of inborn errors of metabolism (fiz. 


When the enzyme that converts this amino acid to tyrosine 
is defective, the final products of a divergent pathway 
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accumulate and can be detected in the blood and urine. This 
disease, phenylketonuria (fen ‘il-k ét‘‘n-oor ‘e-a) (PKU), can 
result in severe mental retardation and a shortened life span. 
Although inborn errors of metabolism are relatively rare, 
the incidence of PKU is high enough and the defect is so 
easy to detect that all newborn babies are routinely tested 
for it. If this disease is detected early, brain damage can be 
prevented by placing the child on an artificial diet low in 
the amino acid phenylalanine. 


Albinism and Other Defects One of the conversion prod- 
ucts of phenylalanine is a molecule called DOPA, which is 
an acronym for dihydroxyphenylalanine (fig. 4.26). DOPA 
is a precursor of the pigment molecule melanin, which gives 
skin, eyes, and hair their normal coloration. An inherited 
defect in the enzyme that catalyzes the formation of melanin 
from DOPA results in the lack of normal pigmentation that 
characterizes an albino (al-bi‘no). Besides PKU and albinism, 
there are many other inherited defects of amino acid metab- 


FIGURE 4.26 

Metabolic pathways for the degradation of the amino acid 
phenylalanine. Defective enzyme; produces phenylketonuna 
(PKU), defective enzymez produces alcaptonuria (not a clinically 
significant condition), and defective enzyme; produces albinism 


glucose in the urine—for example, results from the inade- 
quate secretion or action of the hormone insulin. This disease 
may also be associated with the excessive production of 
ketone bodies, which can alter blood pH and produce ketoaci- 
dosis. Abnormally low blood glucose, hypoglycemia, may be 
produced by excessive insulin secretion. Other metabolic dis- 
orders can result from diseases of the pituitary, thyroid, and 
adrenal glands, as described in chapter 27. 
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olism, as well as inborn errors in the metabolism of carbo- 
hydrates and lipids. 
Since metabolism is regulated largely by hormones (chemicals 
secreted by endocrine glands into the blood), endocrine dis- 
eases can produce metabolic disorders. Diabetes mellitus— 
characterized by high blood glucose and the presence of 
Enzymes as Catalysts (pp. 70-72) 2. Metabolic pathways involve a number of 
i ; : enzyme-catalyzed reactions, in which 
lysts, actin 1 which 
tO . enzymes cooperate in a stepwise fashion. 
to increase the rate of chemical reactions. pa Sierra se ee 
2. Most enzymes are proteins, and the s p y 
tertiary structures of proteins grant 
rae pathway. 
specificity to the actions of the enzymes. ; a 
3. Substrates are the reactant molecules that b. If an enzyme is defective, its product 
fit into the active sites of an enzyme. The 
process by which the enzyme-substrate 
products are formed leaves the enzyme pathway may accumulate. 
unaltered, so that it is able to act again. Bioenergetics (pp. 75-79) 
Control of Enzyme Activity (pp. 72-75) 1. Reactions that liberate energy may be 


1. The activity of an enzyme is affected by a 
variety of factors, including temperature 
and pH 
a. Enzymes function best at one pH, 
called their pH optimum. 

b. At too high a temperature, the enzyme 
proteins denature and no longer 
function effectively. 


cells. 
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the substrate of the next enzyme in the 


is not made; the products formed prior 
to that step and at branch points in the 


coupled to those that require energy. 
2. ATP is the universal energy carrier of the 


a. Exergonic reactions provide the 
energy for the formation of ATP, in 1 
which some of the liberated energy is 
trapped in the bond formed between 
ADP and the last phosphate 


b. The hydrolysis of ATP provides the 
energy that powers all of the energy 
needs of the cells. 

3. Oxidation-reduction reactions are coupled 
and usually involve the transfer of 
hydrogen atoms. 

a. Atoms or molecules that gain 
hydrogens (or electrons) are reduced; 
those that lose hydrogens (or 
electrons) are oxidized. 

b. In many oxidation-reduction reactions, 
Pairs of electrons are transferred from 
the reducing agent to the oxidizing 
agent. 


Glycolysis and Anaerobic Respiration 
(pp. 79-82) 


Glycolysis refers to the metabolic 
pathway that converts glucose to two 
molecules of pyruvic acid. 

a. Two molecules of ATP are hydrolyzed 
in the process, but four molecules of 
ATP are produced, for a net gain of 
two ATP. 


b. 


Two molecules of the oxidized form of 
NAD are reduced to NADH + H+ during 
glycolysis. 


2. In anaerobic respiration, pyruvic acid is 
converted into lactic acid. 


a. 


The two NADH + H+ formed during 
glycolysis are oxidized to NAD when 
pyruvic acid is reduced to lactic acid. 
Anaerobic respiration often occurs 
during skeletal muscle contraction: the 
lactic acid thus produced can cause 
muscle pain and fatigue. 


Aerobic Respiration (pp. 82-86) 


1. Pyruvic acid enters into a mitochondrion 
and, through the loss of carbon dioxide, 
iS Converted into a two-carbon molecule 
oe binds to coenzyme A to form acetyl 

oA. 


2. The Krebs cycle begins when coenzyme A 
donates acetic acid to an enzyme reaction 
that combines it with oxaloacetic acid to 
form citric acid. 


a. 


As the reactions of the Krebs cycle 
proceed, carbon dioxide is lost, three 
NAD are converted to NADH + H*, and 
one FAD is reduced to FADH2. 
Through an intermediate reaction, the 
Krebs cycle produces one ATP in 
addition to the NADH and FADHp. 


3. NADH and FADH2 donate their electrons 
to an electron-transport chain of 
molecules, located in the cristae. 


a. 


Iron ions in the oxidized state (Fe***) 
gain an electron and are reduced to 
Fe**. They then give up that electron 
as they pass it to the next molecule in 
the electron-transport chain. 


b. The last cytochrome donates its 


electron to oxygen, which functions as 
the final electron acceptor. One atom 
of oxygen gains two electrons and two 


protons to form H20. 


4. Electron transport provides energy for the 


formation of ATP. 

a. The coupling of electron transport to 
the production of ATP Is called 
oxidative phosphorylation 

b. The aerobic respiration of 1 glucose 
molecule can produce 38 ATP 
molecules Of these, 2 are produced | 
the cytoplasm by glycolysis. 2 are 
produced through two turns of the 
Krebs cycle, and 34 are produced by 
oxidative phosphorylation 


n 
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Review Activities 


Objective Questions 
1. Which of the following statements about 
enzymes Is true? 


a. 
dD. 
C. 


d. 


All proteins are enzymes. 

All enzymes are proteins. 

Enzymes are changed by the reactions 
they catalyze. 

The active sites of enzymes have little 
specificity for substrates. 


2. Which of the following statements about 
enzyme-catalyzed reactions Is true? 


a. 


b 


The rate of reaction is independent of 
temperature. 

The rate of all enzyme-catalyzed 
reactions is decreased when the pH is 
lowered from 7 to 2. 

The rate of reaction is independent of 
substrate concentration. 

Under given conditions of substrate 
concentration, pH. and temperature, 
the rate of product formation varies 
directly with enzyme concentration 
until a point is reached at which the 
rate cannot be further increased 


3. Which of the following statements about 
lactate dehydrogenase !s true? 


4a 
i) 
Cc 


d 


Itis a protein 
It oxidizes lactic acid. 
It reduces another molecule (pyruvic 


acid) 
All of the above are true 


4. In.an inborn error of metabolism, 
a a genetic change results in the 


production of a defective enzyme. 


b. intermediates produced prior to the 


defective step accumulate. 


d 


alternate pathways are taken by 
intermediates at branch points that 
precede the defective step. 

All of the above are true 


5. Which of the following represents an 
endergonic reaction? 


eaoge 


f 


ADP + P, + ATP 

ATP — ADP +P, 

glucose + 02 — C02 + H20 
C02 + H20 — glucose 
both a andd 

both bandc 


6. Which of the following statements about 
ATP is true? 


a. 


dD. 


e 


The bond joining ADP and the third 
phosphate is a high-energy bond. 
The formation of ATP is coupled to 
energy-liberating reactions. 

The conversion of ATP to ADP and P, 
provides energy for biosynthesis, cell 
movement, and other cellular 
processes that require energy. 

ATP is the universal energy carrier of 
cells 

All of the above are true. 


7. When oxygen is combined with two 
hydrogens to make water, 


a 
1) 


o 


oxygen is reduced 

the molecule that donated the 
hydrogens becomes oxidized 
oxygen acts as a reducing agent. 
both a and b apply 

both a and c apply 


8. The net gain of ATP molecules per 


9. 


glucose molecule in anaerobic respiration 


is : in aerobic 
respiration it is 

a. 2.4 

b 2:38 

c. 38,2 


d. 24:30 


In anaerobic respiration, the oxidizing 
agent for NADH (that is, the molecule tha 
removes electrons from NADH) Is 

a. pyruvic acid 

b. lactic acid. 

c. citric acid. 

d. oxygen. 


10. When organs respire anaerobically, there 


Ut 


is an increased blood concentration of 

a. oxygen 

b. glucose. 

c. lactic acid 

d. ATP. 

The conversion of lactic acid to pyruvic 

acid occurs In 

a. anaerobic respiration. 

b. the heart, where lactic acid is 
aerobically respired 

c. the liver, where lactic acid can be 
converted to glucose 

d. both aand b. 

e. bothbandc 
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12. The oxygen in the air we breathe 


a. 
b. 
Cc. 


d. 
€. 


functions as the final electron acceptor 
of the electron-transport chain. 
combines with hydrogen to form 
water. 

combines with carbon to form CO». 
both a and b apply. 

both a and c apply. 


13. In terms of the number of ATP molecules 
directly produced, the major energy- 
yielding process in the cell is 
a. glycolysis. 

b. the Krebs cycle. 
C. oxidative phosphorylation. 
d. gluconeogenesis. 


14. 


Which of the following organs has an 
almost absolute requirement for blood 
glucose as its energy source? 

a. liver 

b. brain 

c. skeletal muscles 

d. heart 


Essay Questions 


1. 


Explain the relationship between the 
chemical structure and the function of an 
enzyme and describe how various 
conditions may alter both the enzyme's 
structure and function. 


_ Discuss the advantages and 


disadvantages of anaerobic respiration 


_ What purpose is served by the formatic 


of lactic acid during anaerobic 
respiration? How is this purpose achieve 
during aerobic respiration? 


_ Identify the products of the Krebs cycic 


and discuss the significance of this cyciic 
metabolic pathway. 


_ Describe the effect of cyanide on 


oxidative phosphorylation and on the 
Krebs cycle. Explain why this poison is 
deadly. 
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membrane transport andthe membrane potential 


Describe how nonpolar molecules and small By, 
inorganic ions penetrate the cell membrane and % 
explain how net diffusion occurs. oo) 


Define osmosis and describe how the osmotic \ 
pressure of solutions affects the direction of osmosis, 


Discuss the significance of osmolality measurements: 
and define the terms isotonic, hypertonic, and 4g 
hypotonic solutions. 


constant plasma osmolality. * A ; $ 
Explain the characteristics of mediated 
Distinguish between simple d d tat itated 
diffusion and explain why both are passive transport — 
processes. bh 
Distinguish between facilitated diffusion and active : 
transport and describe the characteristics of active “3 
transport. 


Distinguish between primary and secondary active 
transport. 


Define the term membrane potential and explain how 
it is determined by the permeability characteristics of 
the membrane. 


Explain why the true membrane potential is close to, 
but less than, the theoretical potassium equilibrium 
potential. 


Describe the role of the NA*/K* pumps in the 
establishment of the membrane potential. 
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Diffusion-and Osmosis 


Net diffusion of a molecule or ion through a cell membrane alu ays 
occurs im the direction of its lower concentration. Nonpolar molecules 
can penetrate the phospholipid barrier and small morganic tons can pass 
through channels mn the membrane. The net diffusion of water through a 
membrane is known as osmosis. 


The cell (plasma) membrane separates the intracellular envi- 
ronment from the extracellular environment. Proteins, 
nucleotides, and other molecules needed for the structure 
and function of the cell cannot penetrate, or “permeate,” the 
membrane. The cell membrane is, however, selectively per- 
meable to certain molecules and many ions. This allows for 
two-way traffic in nutrients and wastes needed to sustain 
metabolism and provides electrical currents created by the 
movements of ions through the membrane. 

The mechanisms involved in the transport of mole- 
cules and ions through the cell membrane may be divided 
into qwo broad categories: (1) transport that requires the 
action of specific carrier proteins in the membrane (carrier 
mediated transport) and (2) transport through the membrane 
that is not carrier mediated. Carrier-mediated transport 
includes facilitated diffusion and active transport; non-carrier- 
mediated transport refers to the simple diffusion of ions, lipid- 
soluble molecules, and water through the membrane. The 
diffusion of water (solvent) through a membrane is called 
osmosis (oz-mo’sis). 

Membrane transport processes may also be categorized 
on the basis of their energy requirements. Transport in which 
the net movement is from higher to lower concentration 
(down a concentration gradient) does not require metabolic 
energy and is known as passive transport. Passive transport 
includes simple diffusion, osmosis, and facilitated diffusion. 
Transport that occurs against a concentration gradient 
(through a membrane to the region of higher concentra- 
tion) is active transport. Active transport requires the 
expenditure of metabolic energy (ATP) and, as mentioned 
previously, involves specific carrier proteins. 


Diffusion 


Molecules in a gas, as well as molecules and ions dissolved in 
a solution, are in a constant state of random motion as a 
result of their thermal (heat) energy. This random motion, 
called diffusion, tends to scatter the molecules evenly, or 
diffusely, within a given volume of gas or solution. There- 
fore, whenever a concentration difference, or concentration 
gradient, exists between two regions of a solution, random 
molecular motion tends to eliminate the gradient and ta 
distribute the molecules uniformly (fig. 5.1). 


As a result of random molecular motion, molecules in 
the area of the solution with a higher concentration will 
enter the area of lower concentration. Molecules will also 
move in the opposite direction, but not as frequently. Asa 
result, there will be a net movement from the region of higher 
to the region of lower concentration until the concentra- 
tion difference is eliminated. This net movement is called 
net diffusion: Net diffusion is a physical process that occurs 
whenever there is a concentration difference. When the 
concentration difference exists across a membrane, diffu- 
sion becomes a type of membrane transport. 


Diffusion through the Cel! Membrane 


Since the cell membrane consists primarily of a double layer 
of phospholipids, molecules that are nonpolar (and thus 
lipid-soluble) can easily pass from one side of the membrane 
to the other. The cell membrane, in other words, does not 
present a barrier to the diffusion of nonpolar molecules 
such as oxygen gas (O2) or steroid hormones. Small organic 


Net diffusion 
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' FIGURE 5.1 


(a) Net diffusion occurs when there is a concentration 
difference (or concentration gradient) between two 
regions of a solution, provided that the membrane 
separatng these regions is permeable to the diffusing 


| substance. (b) Diffusion tends to equalize the ; 
| concentration of these solutions, and thus to abolish the } 
| concentration geet ase A 
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molecules that have polar covalent 
bonds but that are uncharged, such as 
carbon dioxide (CO), ethanol, and 
urea, are also able to penetrate the 
phospholipid bilayer. Net diffusion of 
these molecules readily occurs 
between the intracellular and extra- 
cellular compartments when con- 
centration gradients exist. 

The oxygen concentration is rel- 
atively high, for example, in extracel- CO, 
lular fluid because OQ) is carried by blood 
from the lungs to the body tissues. Since 
O) is converted to water in aerobic cell res- 
piration, the QO) concentration within the cells 
is lower than in the extracellular fluid. The con- 
centration gradient for CO) is in the opposite direc- 
tion because cells produce CO). Gas exchange occurs 
by diffusion between the tissue cells and their extra- 
cellular environments (fig. 5.2). 

Larger polar molecules, such as glucose, cannot pass 
through the phospholipid bilayer of the membrane, and thus 
require special carrier proteins in the membrane for transport 
(to be described later). The phospholipid portion of the 
membrane is similarly impermeable to charged inorganic 
ions, such as Na* and K*. Passage of these ions through the 
cell membrane may take place by means of tiny ion channels 
through the membrane that are too small to be seen even 
with an electron microscope. These channels are provided by 
some of the proteins that span the thickness of the mem- 
brane (fig. 5.3). 


Rate of Dif tision 


The rate of diffusion, measured by the number of diffusing 
molecules passing through the membrane per unit time, 
depends on (1) the magnitude of the concentration differ- 
ence across the membrane (the steepness of the concentra- 
tion gradient), (2) the degree of permeability of the 
membrane, and (3) the extent of the surface area of the 
membrane through which the substances are diffusing. 
The magnitude of the concentration difference across 
the membrane serves as the driving force for diffusion. 
Regardless of this concentration difference, however, the 
diffusion of a substance across a membrane will nor occur if 
the membrane is not permeable to that substance. With a 
given concentration difference, the rate of diffusion through 
a membrane will vary directly with the degree of perme- 
ability. In a resting neuron, for example, the membrane is 
about 20 times more permeable to K* than to Na* and, asa 
consequence, K* diffuses much more rapidly than does Na’. 
Changes in the structure of the membrane channels, how- 


diffusion: L. dis-, apart; fundere, to pour 


Extracellular environment 


FIGURE 5.2 

Gas exchange between the 
intracellular and extracellular 
compartments occurs by diffusion. 
The regions of higher 
concentration are represented by 
the larger symbols. 


ever, can change the permeability of the 

membrane. This occurs during the 

production of a nerve impulse (chap- 

ter 14), when specific stimulation 

opens Na* channels temporarily, 

resulting in a faster diffusion rate 
for Nat than for K*. 

In areas of the body that 

are specialized tor rapid diffusion, 


Tissue cell 


the surface area of the cell mem- 
branes may be increased by numer- 
ous folds. The rapid passage of the 
products of digestion across the 
epithelial membranes in the small 
intestine, for example, ts aided by 
such structural adaptations. The 
surface area of the apical mem- 
branes (the part facing the lumen) 
in the small intestine is increased 
by many tiny folds that form fin- 
gerlike projections called microvilli (discussed in chapter 3). 
Similar microvilli are also found in the epithelium of the 
kidney tubules, where various molecules that are filtered out 
of the blood must be reabsorbed. 


ee 


Phospholipid layers 


FIGURE 5.3 

Inorganic ions (such as Na’ and K*) may penetrate the 
membrane through pores within integral proteins that span the 
thickness of the double phospholipid layers. 


Osmosis 


Osmosis is the net diffusion of water (the solvent) across 
the membrane. In order for osmosis to occur, the mem- 
brane must be semipermeable; that is, it must be more per- 
meable to water molecules than to solutes. Like the 


microvilli: Gk. mikros, small; L. villus, shaggy hair 
osmosis: Gk. osmos, a thrust 


Downloaded from Durr-e-Danish, Library 


Membrane Transport and the Membrane Potential 


Chapter Five 


More dilute More concentrated 


FIGURE 5.4 


A model of osmosis, or the net movement of water from the 
solution of lesser solute concentration to the solution of greater 


solute concentration. 


diffusion of solute molecules, the diffusion of water occurs 
when the water is more concentrated on one side of the 
membrane than on the other side; that is, when one solu- 
tion is more dilute than the other (fig. 5.4). The more 
dilute solution has a higher concentration of water mole- 
cules and a lower concentration of solute. The principles of 
osmosis apply to the diffusion of any molecule, but the ter- 
minology is backwards because the term concentration more 
frequently is used with reference to the density of solute 
rather than of solvent molecules. 

Imagine a cylinder divided into two equal compart- 
ments by a membrane parution that can freely move. One 
compartment of the cylinder initially contains 180 g/L (grams 
per liter) of glucose and the other compartment contains 360 
g/L of glucose. If the membrane is permeable to glucose, glu- 
cose will diffuse from the 360-g/L compartment to the 180- 
g/L compartment until both compartments contain 270 g/L 
of glucose. If the membrane ts not permeable to glucose but 
is permeable to water, the same result (270-g2/L solutions on 
both sides of the membrane) ts obtained by the diffusion of 
water. As water diffuses from the 180-g/L compartment to 
the 360-¢/L compartment, the former solution becomes more 
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Volume = X 


Volume = % 


180 g/L 360 g/L 
(a) glucose glucose 
Volume = 2/3% Volume = 4/3% 


270 g/L 
glucose 


270 g/L 
(b) glucose 


FIGURE 5.5 

(a) A movable semipermeable membrane (permeable to water 
but not to glucose) separates two solutions of different glucose 
concentration. Asa result, water moves by osmosis into the 
solution of greater concentration until (b) the volume changes 
equalize the concentrations on both sides of the membrane. 


concentrated while the latrer becomes more dilute. This ts 
accompanied by volume changes, as illustrated in figure 5.5. 


<a In order for asmosis ta. occur between two solutions, 

the two solutions must have different concentrations, 

and a membrane must be relatively impermeable to 

the solutes producing the differences in concentration. 
Those solutes that cannot pass through the membrane are 
said to be osmotically acnve. Water, for example, returns from 
tissue fluid to blood capillaries because the protein 
concentration of blood plasma is higher than the protein 
concentration of tissue fluid. This is because the plasma 
proteins, in contrast to other plasma solutes, cannot pass from 
the capillaries into the tissue fluid. The plasma proteins, in this 
case, are osmotically active. When clinicians want to expand 
a patient's blood volume (to raise the blood pressure), they 
give intravenous infusions of an albumin solution or of 
plasma, which contains albumin and other proteins. Ifa 
person has an abnormally low concentration of plasma 
proteins, as may occur in liver disease (cirrhosis, for example). 
fluid may accumulate in the tissues and produce edema. 


Osmotic Pressure Osmosis and the movement of the 
membrane partition could be prevented by an opposing 
force. If one compartment contained 180 g/L of glucose and 


the other compartment contained pure water, the osmosis 
of water into the glucose solution could be prevented by 
pushing against the membrane with a certain force. This is 
illustrated in figure 5.6. 

The force that would have to be exerted to prevent 
osmosis in the situation just described is the osmotic pres- 
sure of the solution. This indirect measurement indicates 
how strongly the solution draws water into it by osmosis. 
The greater the solute concentration of a solution, the 
greater its osmotic pressure. Pure water has an osmotic pres- 
sure of zero, and a 360-9/L glucose solution has twice the 
osmotic pressure of a 180-g/L glucose solution. 


Molarity and Molality = Glucose is a monosaccharide with 
a molecular weight of 180 (the sum of its atomic weights). 
Sucrose is a disaccharide of glucose and fructose, which have 


Volume = X Volume = % 


Force 
preventing —> 
volume change 


Pure waler 


180-g/L glucose 


FIGURE 5.6 

If a semipermeable membrane separates pure water from a 180- 
g/L glucose solution, water tends to move by osmosis into the 
glucose solution, thus creating a hydrostatic pressure that pushes 
the membrane to the left and expands the volume of the glucose 
solution. The amount of pressure that must be applied to just 
counteract this volume change is equal to the osmotic pressure of 


the glucose solution. 


1 mole of 
glucose (180 g) 


4a, 


180g 


Scale 


1 O-liter mark 
on flask 


10 mole per liter 
solution — one molar 


(a) Sz (b) 
FIGURE 5.7 


Diagranis illustrating the difference between (a) a one-molar (1.0 M) 
and (b) a one-molal (1.0 m) glucose solution 


10 mole per kilogram 
water — one molal 


molecular weights of 180 each. When glucose and fructose 
join together by dehydration synthesis to form sucrose (chap- 
ter 2), a molecule of water (with a molecular weight of 18) 
is split off. Therefore, sucrose has a molecular weight of 342 
(180 + 180 — 18). Since the molecular weights of sucrose 
and glucose are in a ratio of 342/180, it follows that 342 
grams of sucrose must contain the same number of molecules as 
180 grams of glucose. 

Notice that an amount of any compound equal to its 
molecular weight in grams must contain the same number 
of molecules as an amount of any other compound equal 
to its molecular weight in grams. This unit of weight is 
called a mole, and it always contains 6.02 x 1073 molecules 
(Avogadro's number). One mole of solute dissolved in water 
to make 1 liter of solution is described as a one-molar solu- 
tion (abbreviated 1.0 M). Although this unit of measure- 
ment is commonly used in chemistry, it is not altogether 
desirable in discussions of osmosis because the exact ratio 
of solute to solvent (water) is not specified. For example, 
more water is needed to make a 1.0 M NaCl solution 
(where a mole of NaCl weighs 58.5 grams) than is needed 
to make a 1.0 M glucose solution because 180 grams of glu- 
cose takes up more volume than 58.5 grams of salt. 

Since the ratio of solute to water molecules is of criti- 
cal importance in osmosis, a more useful measurement of 
concentration is molality. In a one-molal solution (abbre- 
viated 1.0 m), 1 mole of solute (180 grams of glucose, for 
example) is dissolved in | kilogram of water (equal to one 
liter at 4° C). A 1.0 m NaCl solution and a 1.0 m glucose 
solution both contain a mole of solute dissolved in exactly 
the same amount of water (fig. 5.7). 


Avogadro's number: from Amadeo Avogadro, Italian chemist and physicist, 
1766-1856 


1.0 Kg of 
H,0 (1 liter) 
1 mole of 10Kg 
glucose (180 q) 
Scale | Scale 
\ 1 O-liter mark 
on flask 


Downloaded from Durr-e-Danish, Library 


Membrane Transport and the Membrane Potential 


Chapter Five 


Volume =X 


1.0 m glucose 
1.0 m fructose 


_f 2.00sm 


---*-- 2.0 mglucose 
2.0 Osm 


No osmosis 


FIGURE 5.8 


The osmolality (Osm) of a solution 1s equal to the sum of the 
molalities of each solute in the solution. If a semipermeable 
membrane separates two solutions with equal osmolalities, no 
osmosis will occur. 


Osmolality If 180 grams of glucose and 180 grams of fruc- 
tose were dissolved in the same kilogram of water, the 
osmotic pressure of the solution would be the same as that 
of a 360-g/L glucose solution. Osmotic pressure depends on 
the ratio of solute to solvent, not on the chemical nature 
of the solute molecules. The expression for the total molal- 
ity of a solution is osmolality (Osm). Thus, the solution of 
1.0 m glucose plus 1.0 m fructose has a total molality, or 
osmolality, of 2.0 osmol/L (abbreviated 2.0 Osm). This is 
the same as the 360-g/L glucose solution, which is 2.0 m 
and 2.0 Osm (fig. 5.8). 

Unlike glucose, fructose, and sucrose, electrolytes such 
as salt (NaCl) ionize when dissolved in water. One mole- 
cule of NaCl dissolved in water yields two ions (Na* and 
Cl-); 1 mole of NaCl ionizes to form 1 mole of Na* and 1 
mole of Cl-. Thus, a 1.0 m NaCl solution has a total con- 
centration of 2.0 Osm. The effect of this on osmosis is illus- 


trated in figure 5.9. 


Tonicity A 0.3 m glucose solution, which is 0.3 Osm, 
or 300 milliosmolal (300 mOsm), has the same osmo- 
lality and osmotic pressure as blood plasma. The same 
is true of a 0.15 m NaCl solution, which ionizes to pro- 
duce a total concentration of 300 mOsm. Both of these 
solutions are used clinically as intravenous infusions, 
labeled 5% dextrose (5 g of glucose per 100 ml, which is 
0.3 m) and normal saline (0.9 g of NaCl per 100 ml, 
which is 0.15 m). Since 5% dextrose and normal saline 
have the same osmolality as blood plasma, they are said 
to be isosmotic to plasma. 

The term tonicity is used to describe the effect of a 
solution on the osmotic movement of water. For example, if 
an isosmotic glucose or saline solution is separated from 
blood plasma by a membrane that is permeable to water but 


Volume = % 


Volume = 


1.0mNaci “™ 
o oo. | 
af 3s | 


fo en | 


2.00sm 


(a) 1.0 Osm 


Volume = 4/3% 


Volume = 2/3% 


e e 
- iE eal a Bale * oa 6 
1.5 mglucose | em NaCl . * 
¢ e ‘ 
eo 


15Osm 


(b) 150sm 
FIGURE 5.9 


(a) If asemipermeable membrane (permeable to water but not to 
glucose, Na’, or Cl-) separates a 1.0 m glucose solution from a 
1.0 m NaCl solution, water will move by osmosis into the NaCl 
solution. This is because NaCl can ionize to yield one-molal Na’ 
plus one-molal Cl-. (b) After osmosis, the total concentration, or 
osmolality, of the two solutions 1s equal. 


not to glucose or NaCl, osmosis will not occur. In this case, 
the solution is said to be isotonic to blood plasma. Red 
blood cells placed in an isotonic solution will neither gain 
nor lose water. 

Solutions that have a lower total concentration 
of osmotically active solutes and a lower osmotic pres- 
sure than plasma are hypotonic to plasma. Red blood 
cells placed in hypotonic solutions gain water and may 
burst (hemolysis). When red blood cells are placed ina 
hypertonic solution (such as seawater), which has a higher 
osmolality and osmotic pressure than plasma, they shrink 
due to the osmosis of water out of the cells. In this process, 
called crenation, the cell surface takes on a scalloped 
appearance (fig. 5.10). 


isotonic: Gk. isos, equal: tonus, tension 
hypotonic: Gk. hypo, under: tonus, tension 
hypertonic: Gk. hyper, over; tonus, tension 
crenation: L. crena, a notch 
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<a Fluids delivered intravenously must be isotonic to 
blood in order to maintain the correct osmotic 
pressure and prevent cells from either expanding or 
shrinking due to the gain or loss of water. In addition 
to normal saline and 5% dextrose, another isotonic solution 
frequently used in hospitals is Ringer's lactate. This solution 
contains glucose and lactic acid as well as a number of 
different salts. Isotonic solutions are also used in artificial 
kidney machines and in heart-lung machines, which take the 
place of the heart and lungs during open-heart surgery. 


Regulation of Blood Osmolalty 


The osmolality of the blood plasma is normally maintained 
within very narrow limits by a variety of regulatory mecha- 
nisms. When a person becomes dehydrated, for example, 
the blood becomes more concentrated as the total blood 
volume is reduced. The increased blood osmolality and 
osmotic pressure stimulates osmoreceptors, which are neu- 
rons located in a part of the brain called the hypothalamus. 

Asa result of increased osmoreceptor stimulation, the 
person becomes thirsty and, if water is available, drinks. 
Along with increased water intake, a person who is dehy- 
drated excretes a lower volume of urine. This occurs as a 
result of the following sequence of events: (1) increased 
plasma osmolality stimulates osmoreceptors In the hypo- 


thalamus of the brain; (2) the osmoreceptors stimulate the 


posterior pituitary gland, by mei 
to secrete antidiuretic (an ‘te-di‘yi-ret ik) hormone (ADH); 
and (3) ADH acts on the kidneys to promote water retention 


so that a lower volume of urine ts excreted. 
hydrated, therefore, drinks more 


ins of a tract of nerve fibers, 


A person who ts de 
and urinates less. This represents a negative feedback loop 
(fig. 5.11) that acts to maintain homeostasis of the plasma 


concentration (osmolality) and, in the process, helps to 


maintain a proper blood volume. 


See eeesrerereesesasesesaneasseneeeee 


Ringer's lactate: from Sidney Ringer, English physiologist, 1835-1910 
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FIGURE 5.11 

An increase in plasma osmolality (increased concentration and 
osmotic pressure) due to dehydration stimulates thirst and 
increased ADH secretion. These effects cause the person to drink 
more and urinate less. The blood volume, as a result, is increased 
while the plasma osmolality is decreased. These effects help 
bring the blood volume back to the normal range and complete 
the negative feedback loop (indicated by a negative sign). 


Carrier-Mediated Iransport 


Molecules such as glucose are transported across the cell membranes by 


special protem carriers. Carrier-mediated transport m which the net 
movement 1s down a concentration gradient, and which ts therefore 
passive, is called facilitated diffusion. Cartier-mediated transport that 
occurs agamst a concentration gradient, thus requirmg metabolic 


energy, is called active transport. 


In order to sustain metabolism, cells must be able to take up 
glucose, amino acids, and other organic molecules from the 
extracellular environment. Molecules such as these, how- 
ever, are too large and polar to pass through the lipid bar- 
rier of the cell membrane by simple diffusion. The transport 
of such molecules is mediated by protein carriers within the 
membrane. Although such carriers cannot be directly 
observed, their presence has been inferred by the observation 
that this transport has characteristics in common with 
enzyme activity. These characteristics include (1) specificity, 
(2) competition, and (3) saturation. 

Like enzyme proteins, Carrier proteins interact only 
with specific molecules. Glucose carners, for example, can 
interact only with glucose and not with closely related 
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FIGURE 5.12 


Carner-mediated transport displays the characteristics of 
saturation (illustrated by the transport maximum) and 
competition. Molecules X and Y compete for the same carrier, so 
that when they are present together the rate of transport of each 
is lower than when either is present separately. 


monosaccharides. As a further example of specificity, par- 
ticular carriers for amino acids transport some types of amino 
acids but not others. Two amino acids that are transported by 
the same carrier compete with each other, so that the rate of 
transport of each is lower when they are present together 
than it would be if each were present alone (fig. 5.12). 

As the concentration of a transported molecule 
but only up 


increases, its rate of transport also increases 
to a maximum. Beyond this rate, called the transport maxi- 
mum (or Tm), further increases in concentration do not fur- 
ther increase the transport rate. This indicates that the 
carriers have become saturated (fig. 5.12). 

As an example of saturation, imagine a bus stop that is 
serviced once per hour by a bus that can hold a maximum of 
40 people (its transport maximum is thus 40 per hour). If 
10 people are waiting at the bus stop, 10 will be transported 
per hour. If 20 people are waiting at the bus stop, 20 will be 
transported per hour. This linear relationship will hold, up to 
4 maximum of 40 people; if there are 80 people at the bus 
stop, the transport rate will still be 40 per hour. 


The kidneys transport a number of molecules from the 
blood filtrate, which will become urine, back into the 
blood Glucose, for example, is normally completely 
reabsorbed so that unne is normally free of glucose. If 
the glucose concentration of the blood and filtrate 1s too high 
(a condition called hyperglycemia), however, the transport 
maximum vl] be exceeded. In this case, glucose will be found 
in the unne (a condition called glycosuria) This may result 
from eating too much sugar or from the inadequate secretion 
of the hormone insulin (in the disease diabetes mellitus) 
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FIGURE 5.13 


A model of facilitated diffusion in which a molecule is transported 
across the cell membrane by a carrier protein. 


Facitated Diffusion 


The transport of glucose from the blood across the cell mem- 
branes of tissue cells occurs by facilitated diffusion. Facili- 
tated diffusion, like simple diffusion, is powered by the 
thermal energy of the diffusing molecules and involves the 
net transport of substances through a cell membrane from 
the side of higher concentration to the side of lower con- 
centration. Active cellular metabolism is not required for 
either facilitated or simple diffusion. 

Unhike simple diffusion of nonpolar molecules, water, 
and inorganic ions through a membrane, the diffusion of 
glucose through the cell membrane displays the properties of 
carrier-mediated transport: specificity, competition, and sat- 
uration. The diffusion of glucose through a cell membrane 
must therefore be mediated by carrier proteins. One con- 
ceptual model of the transport carriers is that each may be 
composed of two protein subunits that interact with glucose 
in such a way as to create a channel through the membrane 
(fig. 5.13), thus enabling the movement of the glucose from 
the higher to the lower concentration. 


“ The rate of the facilitated diffusion of glucose into 
tissue cells depends directly on the plasma glucose 
concentration. When the plasma glucose 
concentration is abnormally low—a condition called 
hypoglycemia—the rate of transport of glucose into brain 


cells may be inadequate for the metabolic needs of the brain. 
Severe hypoglycemia. as may be produced by an overdose of 
insulin in a person with diabetes, can thus result in loss of 
consciousness and even death. 


Active Iransport 


There are some aspects of cell transport that cannot be 
explained by simple or facilitated diffusion. The epithelial 
lining of the small intestine and of the kidney tubules, for 
example, moves glucose from the side of lower concentra- 
tion to the side of higher concentration (from the lumen to 
the blood). Similarly, all cells extrude Ca** into the extra- 
cellular environment and, by this means, maintain an intra- 
cellular Ca** concentration that is 1000 to 10,000 times 
lower than the extracellular Ca** concentration. 


= Cystic fibrosis occurs with a frequency of 1:2500 births 
in the Caucasian population. Asa result of a genetic 
defect, there is abnormal NaCl and water movement 
across wet epithelial membranes. Where such 
membranes line the pancreatic ductules and small airways, 
the secretions of these membranes become more viscous and 
cannot be properly cleared, leading to pancreatic and 
pulmonary disorders. The genetic defect involves a particular 
glycoprotein that forms chloride (Cl ) channels in the 
membrane of the epithelial cells. This protein, known as CFTR 
(for cystic fibrosis transmembrane conductance regulator), is 
formed normally in the endoplasmic reticulum but it doesn't 
move into the Golgi apparatus for processing. It therefore 
doesn't get inserted into vesicles that would introduce it into the 
cell membrane through exocytosis (chapter 3). The gene for 
CFTR has now been identified and cloned, and research into 
possible gene therapy oi cystic fibrosis is currently ongoing. 


The movement of molecules and ions against their con- 
centration gradients, from lower to higher concentrations, 
requires the expenditure of cellular energy that is obtained 
from ATP. This type of transport is termed active transport. 
If a cell is poisoned with cyanide (which inhibits oxidative 
phosphorylation), active transport will be inhibited. On the 
other hand, passive transport can continue even if metabolic 
poisons kill the cell by preventing the formation of ATP. 


Primary Active Transport Primary Active Transport 
occurs when the hydrolysis of ATP is directly required for 
the function of the protein carrier. These carriers are pro- 
teins that span the thickness of the membrane. The follow- 
ing sequence of events Is believed to occur: (1) the molecule 
or ion to be transported bonds to a specific “recognition site” 
on one side of the carrier protein; (2) this bonding stimu- 
lates the breakdown of ATP, which in turn results in phos- 
phorylation of the carrier protein; (3) asa result of 
phosphorylation, the carrier prorein undergoes a conforma- 
tional (shape) change; and (4) a hingelike motion of the 


carrier protein releases the transported molecule or ion on 


Low 
Ca* + 


Inside 


pn 


ADP + P,~ 


FIGURE 5.14 
A model of active transport showing the hingelike motion of the 
integral protein subunits. 


the other side of the membrane. This model of active trans- 
port is illustrated in figure 5.14. 


The Sodium-Potassium Pump Primary active transport 
carriers are often referred to as “pumps.” Although some 
of these carriers transport only one molecule or ion ata 
time, other carriers exchange one molecule or ion for 
another. The most important of the latter type of carriers is 
the Nat/K* pump. This carrier protein, which is also an 
ATPase enzyme that converts ATP to ADP and P,, actively 
extrudes three sodium ions from the cell as it transports 
two potassium ions into the cell. This transport is energy 
dependent because the concentration of Na* is greater out- 
side of the cell and that of K* is greater within the cell. 
Both ions, in other words, are moved against their con- 
centration gradients (fig. 5.15). 

All cells have numerous Na*/K* pumps that are con- 
stantly active. This activity represents an enormous expen- 
diture of energy used to maintain a steep gradient of Na* 
and K* across the cell membrane. This steep gradient 
serves three known functions: (1) the steep Na’ gradient 
is used to provide energy for the “cotransport” of other 
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molecules, (2) the activity of the Na*/K* pumps can be 
adjusted (primarily by thyroid hormones) to regulate the rest- 
ing calorie expenditure and basal metabolic rate of the body, 
and (3) the Na* and K* gradients across the cell membranes of 
nerve and muscle cells are used to produce electrical impulses. 


Secondary Active Transport (Cotransport) In secondary 
active transport, or cotransport, the energy needed for the 
uphill” movement of a molecule or ion is obtained from 


Cell membrane 


Outside cell 


FIGURE 5.15 


The Na‘/K* pump actively exchanges intracellular Na* for K*. The 
carrier itself isan ATPase that breaks down ATP for energy. 


Dashed arrows indicate the direction of passive transport 
(diffusion); solid arrows indicate the direction of active transport. 


Extracellular 
Glucose 


LRA LN DIM 


FIGURE 5.16 


A model for the cotransport of Na* and glucose into a cell. This is 
secondary active transport because 1t 1s dependent upon the 
diffusion gradient for Na’ created by the Na‘/K: pumps. 
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the “downhill” transport of Na* into the cell. Hydr, 

of ATP by the action of the Na*/K* pumps ts rey. | 
indirectly, in order to maintain low intracellular, 
concentrations. The diffusion of Na* into the cell ».., 
power the uphill movement of a different ion or mole. 
into or out of the cell. 

In the epithelial cells of the intestine and 1<;\,| 
tubules, for example, glucose is transported against its con- 
centration gradient by a carrier that requires the simulta- 
neous binding of Na* (fig. 5.16). Glucose and Na* move in 
the same direction (into the cell), as a result of the Na’ 
gradient created by the Na*/K* (ATPase) pumps. Because of 
the distribution of specific carriers in the epithelial cell 
membrane, the glucose is moved from the lumen ot the 
intestine and renal tubule into the blood (fig. 5.17). 

Cotransport can also occur in opposite directions. The 
uphill extrusion of Ca** from some cells, for example, is 
coupled to the passive diffusion of Na* into the cell. Cel- 
lular energy, obtained from ATP, is not used to move Ca** 
directly out of the cell in this case, but energy is constantly 
required to maintain the steep Na* gradient. The net move- 
ment of Ca** out of these cells is thus an example of sec- 


ondary active transport. 


The selective permeability of the cell membrane, the presence of 
nondiffusible negatively charged molecules in the cell, and the action of 
the Na*/K* pumps create an unequal distribution of charges across the 
membrane. Asa result, the inside of the cell is negatively charged 
compared to the outside. This difference in charge, or potential 
difference, is known as the membrane potential. 


In the preceding section, we considered the action of the 
Na*/K* pumps in the context of active transport, and we 
noted that these pumps move Na* and K* against their 
concentration gradients. This action alone would create 
and amplify concentration differences of these tons across 
the cell membrane. There is, however, another reason for 
these concentration differences. 

Cellular proteins and the phosphate groups of ATP and 
other organic molecules are negatively charged within the 
cell cytoplasm. These negative ions (anions) are fixed within 
the cell because they cannot penetrate the cell membrane. 
Since these negatively charged organic molecules cannot 
leave the cell, they attract positively charged inorganic ions 


Cotransport 
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FIGURE 5.17 
The transport of glucose from the fluid in the kidney tubules 


through the epithelial cells of the tubule and into the blood 
All three types of carrier-mediated transport are used in this 


proces 


(cations) from the extracellular fluid that are small enough 
to diffuse through the membrane pores. The distribution of 
small, inorganic cations (mainly K*, Na‘, and Ca‘*) between 
the intracellular and extracellular compartments, in other 
words, is influenced by the negatively charged fixed tons 
within the cell. 

Since the cell membrane is much more permeable to 
K* than to any other cation, K* builds up within the cell 
more than the others as a result of its electrical attraction 
for the fixed anions (fig. 5.18). So, instead of being evenly 
distributed between the intracellular and extracellular com- 
partments, K* becomes more highly concentrated within 
the cell. In the human body, the intracellular K* concen- 
tration is 155 mEq/L compared to an extracellular concen- 
tration of 4 mEg/L (mEq = milliequivalents, which is the 
millimolar concentration multiplied by the valence of the 
ion—in this case, by one). 

Asa result of the unequal distribution of charges 
between the inside and outside of cells, each cell is a tiny 
battery with the positive pole outside the cell membrane 
and the negative pole inside. The magnitude of this charge 
difference is measured in voltage. Although the voltage of 
this battery is very low (less than one-tenth of a volt), it 1s 
of critical importance in muscle contraction, the regula- 
tion of heartbeat, the generation of nerve impulses, and 
other physiological events. In order to understand these 
processes, then, we must first examine the electrical prop- 
erties of cells. 


+ + + 
Electrical attraction 
Cell membrane 
/ Fixed anions 
\ ++ + + + + } 
\ 
\ 
~ P 
+ + + eee. 
Concentration gradient 
FIGURE 5.18 


Proteins, organic phosphates, and other or ons that 
irge on the inside 


invely charged inorganic ions 


cannot leave the cell create a fixed negatir 
of the membrane. This attracts pos 


lt 


lata higher 
1ount of 


(cations). which therefore accumulate within the ce 


concentration than in the extracellular fluid. The ar 
cations that accumulate within the cell is limited because a 
concentration gradient builds up that favors the diffusion of the 


cations out of the cell. 
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Membrane Transport and the Membrane Potential 


Chapter Five 


Equibriom Potential 


An equilibrium potential is a theoretical voltage that would 
be produced across a cell membrane if only one ion were able 
to diffuse through the membrane. Since the membrane is 
most permeable to K*, we can construct a theoretical approx- 
imation to the true situation by considering what would hap- 
pen if K* were the only ion able to cross the membrane. If 
this were the case, K* would diffuse until its concentration 
inside and outside of the cell became stable, thus establishing 
an equilibrium. In this condition, if a certain amount of K* 
were to move inside the cell (by electrical attraction for the 
fixed anions), an identical amount of K* would diffuse out 
of the cell (down its concentration gradient). In other words, 
at equilibrium the forces of electrical attraction and of the 
diffusion gradient are equal and opposite. 

At this equilibrium, the concentration of K* would be 
higher inside the cell than outside. A concentration differ- 
ence would exist across the cell membrane that was stabi- 
lized by the attraction of K* to the fixed anions. At this 
point, we could ask, Are the fixed anions neutralized. . . are 
the charges balanced? The answer depends on how much 
K* gets into the cell, which in turn depends on the K* con- 
centration in the extracellular fluid. At the K* concentra- 
tions found in the body, the answer to our question is no. 
Not enough K* is present in the cell to neutralize the fixed 
anions (fig. 5.19). 

At equilibrium, therefore, the inside of the cell mem- 
brane has a higher concentration of negative charges than 
the outside of the membrane. There is a difference in charge, 
as well as a difference in concentration, across the mem- 
brane. The magnitude of the difference in charge, or poten- 
tial difference, on the two sides of the membrane under 
these conditions is 90 millivolts (mV). This is shown with a 
negative sign (as —90 mV) to indicate that the inside of the 
cell is the negative pole. (If we were to write +90 mV, the 
magnitude of the potential difference would be unchanged, 
but the inside of the cell would be shown as the positive 
pole.) The potential difference of -90 mV, which would 
develop if K* were the only diffusible ion, ts called the K* 
equilibrium potential (abbreviated Ex). 

There is another way to look at the equilibrium poten- 
tial: it is the membrane potential that would exactly balance 
the diffusion gradient and prevent the net movement of a 
particular ton. A potential difference of ~90 mV exactly bal- 
ances the tendency of K* to diffuse out of the cell. Similarly, 
a potential difference of +60 mV (where the inside of the 
cell is the positive pole) would exactly balance the rendency 
of Na’ to diffuse into the cell, and is therefore the equilib- 
rium porential for Na‘ (Ex,). Equilibrium potentials are the- 
oretical values because a real cell membrane allows more 


than one ion to pass through. As a result, no single ion can 


® 
Downloaded from Durr-e-Danish Library 


—90mV 
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Intracellular 
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» 
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y Diffusion ~~» ‘ 
~~ ow” 
FIGURE 5.19 


If Ke were the only ion able to diffuse through the cell 
membrane, it would distribute itself between the intracellular 
and extracellular compartment unti] an equilibrium was 
established. At equilibrium, the K* concentration within the cell 
would be higher than outside the cell due to the attraction of 
for the fixed anions. Not enough K* would accumulate within the 
cell to neutralize these anions, however, so the inside of the cell 
would be 90 millivolts negative compared to the outside of the 
cell. This membrane voltage is the equilibrium potential (Ey) f 
potassium. 


attain an equilibrium. We will call the membrane potential 
of an actual cell the resting membrane potential. 


Aesting Membrane Potential 


The resting membrane potential of most cells in the body 
ranges from —65 mV to —85 mV (in neurons it averages —70 
mV). This value is very close to the —90 mV that we had 
predicted if K* were the only ion able to move through the 
cell membrane and establish an equilibrium. The reason that 
the resting membrane potential is less negative than —90 
mV is because the membrane is slightly permeable to Na’, 
which diffuses at a slow rate into the cell. The resting mem- 
brane potential, in other words, is closer to Ey than to Ena 
because the cell membrane is much more permeable to K* 
than to Na’. It is not exactly equal to Ex because the mem- 
brane is slightly permeable to Na‘. 

The actual value of the membrane potential thus 
depends on the differential permeability of the membrane 
to different ions. When neurons produce nerve impulses, 
the permeability to Na* increases dramatically, sending the 
membrane potential toward the Na* equilibrium potential 
(nerve impulses are discussed in chapter 14). This is why 
the term resting ty used to describe the membrane potential 
when it is not producing impulses. 


Voltmeter 


FIGURE 5.20 

Because some Na’ leaks into the cell by diffusion, the actual resting 
membrane potential is less than the K* equilibrium potential. Asa 
result, some K° diffuses out of the cell, as shown by the dotted lines. 


Role of the Nat/Kt Pumps = Since the resting membrane 
potential is a little less negative than Ex asa result of some 
Na* entry, some K* leaks out of the cell (fig. 5.20). The cell 
is not at equilibrium with respect to K* and Na* concentra- 
tions. Nonetheless, the concentrations of K* and Na* are 
maintained constant because of the constant expenditure 
of energy in active transport by the Na*/K* pumps. The 
Na‘/K* pumps act to counter the leaks and thus maintain 
the membrane potential. 

Actually, the Na*/K* pump does more than simply 
work against the ion leaks. Since it transports three sodium 
ions out of the cell for every Quo potassium ions that it moves 
in, its action helps to generate a potential difference across 
the membrane. As a result of all of these activities, a real 
cell has (1) a relatively constant intracellular concentration 
of Na’ and K* and (2) a constant membrane potential (in 
the absence of stimulation) in nerves and muscles of -65 


mV to -85 mV. 


Dralysis 

Normally functioning kidneys remove waste products from 
the blood. After the blood ts filtered through pores in cap- 
are large enough to permit the passage of 
the molecules needed hy the 


iNary walls that 


wastes and other molecules, 
absorbed back into the blood. The wastes gener- 


and are excreted tn the urine. If the 
ly, waste molecules can 


body are re 
ally remain in the filtrate 
kidneys are not functioning proper 
be removed from the blood artificially hy a process called 
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dialysis (di-al’7-sis). Dialysis involves the removal of par- 
ticular molecules from a solution by having them pass, by 
means of diffusion, through an artificial porous membrane 
(sve fig. 25.30). Since the pores in this dialysis membrane 
are large enough to permit the passage of some molecules 
but too small to permit the passage of others (the blood 
plasma proteins), small waste molecules can be removed 


from the blood by this technique. 


Inherited Defects in Membrane Carriers 


Since membrane transport carriers are proteins that are 
coded by specific genes, inherited defects in these carriers 
can result if there is an alteration im the genetic code. Detec- 
tive protein carriers in the cell membranes of epithelial cells 
that line the small intestine may produce diseases that result 
from an inadequate absorption of ingested molecules. Per- 
nicious anemia, for example, is due to the inability to absorb 
vitamin By). Defects in transport carriers within the epithe- 
lial cells of kidney tubules may result in the abnormal excre- 
tion of particular molecules in the urine. For example, the 
inability of kidney tubules to transport glucose 1s responsible 
fora rare form of diabetes mellitus. 


Ayperdalemia and the Membrane Potential 


Although changes in the extracellular concentration of 
many ions can affect the membrane potential, this poten- 
tial is particularly sensitive to changes in blood K*. Since 
the maintenance of a particular membrane potential ts crit- 
ical for the generation of electrical events in nerves and 
muscles (including the heart), the body has a variety of 
mechanisms that serve to maintain blood K* concentra- 
tions within very narrow limits. These mechanisms act pri- 
marily through the kidneys, which can excrete K* in the 
urine or reabsorb it into the blood. The excretion of K* is 
stimulated by hormones of the adrenal cortex—particularly 
by aldosterone. Indeed, if the adrenal glands of an experi- 
mental animal are removed, the animal may die as a result 
of an accumulation of K* in the blood. An abnormal 
increase in the blood concentration of K* ts called hyper- 
kalemia (hi‘‘per-kd-le ‘me-a). 

In the event of hyperkalemia, the diffusion gradient 
that favors the extrusion of K* from the cell is reduced. Asa 
result, more K* can enter the cell and neutralize more of the 
fixed negative charges. This reduces the membrane potential 
(brings it closer to zero), thus altering the function of many 
organs, particularly the heart. For these reasons, the blood 
electrolyte concentrations are monitored very carefully in 
patients with heart or kidney disease. 
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hyperkalemia. Gk. hyper, over, L. kalium, potash, Gk. haima, blood 
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Chapter summary 


Diffusion and Osmosis (pp. 92-97) 
1. Diffusion is the net movement of 


molecules or ions from regions of high 

concentration to regions of low 

concentration. 

a. This is a type of passive transport— 
energy Is provided by the thermal 
energy of the molecules, not by 
cellular metabolism. 

b. Net diffusion stops when the 
concentration is equal on both sides of 
the membrane. 


. The rate of diffusion is dependent on the 


magnitude of the concentration difference 
between the two sides of the membrane, 
the degree of permeability of the cell 
membrane to the diffusing substance, the 
extent of the surface area of the 
membrane, and the temperature of the 
solution. 


. Simple diffusion is the type of passive 


transport in which small molecules and 

inorganic ions, such as Na* and K*, move 

through the cell membrane. 

a. Inorganic ions pass through specific 
channels in the membrane. 

b. Lipids (such as steroid hormones) and 
dipolar water molecules can pass 
directly through the phospholipid 
layers of the membrane by simple 
diffusion. 

Osmosis ts the simple diffusion of solvent 

(water) through a membrane that is more 

permeable to the solvent than it 1s to the 

solute. 


_ Water moves from the solution that is 


more dilute to the solution that has a 
higher solute concentration. 


— Osmosis depends on a difference in total 


solute concentration, not on the chemical 

nature of the solute 

a. The concentration of total solute (in 
moles) per kilogram (liter) of water is 
measured in osmolality units 

b. The solution with the higher 
osmolality has the higher osmotic 
pressure 

c. Water moves by osmosis from the 
solution of lower osmolality and 
osmotic pressure to the solution of 
higher osmolality and osmotic 
pressure 


_ Solutions that have the same osmotic 


pressure as plasma (such as 0.9% NaCl 

and 5% glucose) are said to be isotonic. 

a. Solutions with a lower osmotic 
pressure are hypotonic; those with a 
higher osmotic pressure are 
hypertonic. 

b. Cells in a hypotonic solution gain 
water and swell: those in a hypertonic 
solution lose water and shrink 
(crenate). 


. The osmolality and osmotic pressure of 


the plasma is detected by osmoreceptors 

in the hypothalamus of the brain and 

maintained within a normal range by the 
action of antidiuretic hormone (ADH) 
secreted by the posterior pituitary. 

a. Increased osmolality stimulates the 
osmoreceptors; decreased osmolality 
inhibits the electrical activity of the 
osmoreceptors. 

b. Stimulation of the osmoreceptors 
causes thirst and triggers the 
secretion of antidiuretic hormone 
(ADH) from the pituitary. 


. ADH stimulates water retention by the 


kidneys, which serves to maintain a 
normal blood volume and osmolality. 


Carrier-Mediated Transport 
(pp. 97-100) 


1. The passage of glucose, amino acids, and 


other polar molecules through the cell 

membrane is mediated by carrier proteins 

in the cell membrane 

a. Carrier-mediated transport exhibits the 
properties of specificity, competition, 
and saturation. 

b. The transport rate of molecules such 
as glucose reaches a maximum when 
the carriers are Saturated—this 
maximum rate ts called the transport 
maximum, or T,, 

The transport of molecules such as 

glucose from the side of higher to the 

side of lower concentration by means of 
membrane carriers is called facilitated 
diffusion 

a Like simple diffusion, this is passive 
transport—cellular energy is not 
required 


b. Unlike simple diffusion, facilitated 


diffusion displays the properties of 
specificity, competition, and 
saturation 


3. The active transport of molecules ano 


ions across a membrane requires the 

expenditure of cellular energy (ATP) 

a. Inactive transport, carriers move 
molecules or ions from the side o! 
lower to the side of higher 
concentration. 

b. One example of active transport ts | 
action of the Na*/K* pump. 


_ Sodium is more concentrated on the 


outside of the cell, whereas potassium |: 

more concentrated on the inside of the 

cell. 

a. The Na*/K* pump helps to maintain 
these concentration differences by 
transporting Na* out of the cell and kK 
into the cell. 

b. Three sodium ions are transported out 
of the cell for every two potassium 
ions that are transported into the ce! 


The Membrane Potential (pp. 100-103) 
1. The cytoplasm of the cell contains 


negatively charged organic ions (anions) 

that cannot leave the cell—they are “fixed 

anions.” 

a. These fixed anions attract K*, which is 
the inorganic ion that can most easily 
pass through the cell membrane 

b. As aresult of this electrical attraction, 
the concentration of K* within the cell 
is greater than the concentration of K* 
in the extracellular fluid. 

If Ky were the only diffusible ion, the 

concentrations of K* on the inside and 

outside of the cell would reach an 
equilibrium 

a. At this point, the rate of K* entry (due 
to electrical attraction) would equal 
the rate of K* exit (due to diffusion) 

b. Al this equilibrium, there would still be 
a higher concentration of negative 
charges within the cell (due to the 
fixed anions) than outside the cell 

c. At this equilibrium. the inside of the 
Cell would be 90 millivolts negative 
(-90 mV) compared to the outside o! 
the cell. This potential difference is 
called the K* equilibrium potential 
(Ex). 


3. The resting membrane potential is less 


than & (usually -65 mV to -85 mV) 

because some Na’ can also enter the cell. 

a. Na* is more highly concentrated 
Outside than inside the cell, and the 
inside of the cell is negative—these 
forces attract Na* into the cell. 

b. The rate of Na* entry is generally slow 
because the membrane is usually not 
very permeable to Na’. 


4, 


The slow rate of Na* entry is accompanied 
by a slow rate of K* leakage out of the 
cell. 

a. The Na‘/K* pump counters this 
leakage, and thus maintains constant 
concentrations and a constant resting 
membrane potential. 


b. There are numerous Na‘/K* pumps in 
all cells of the body that require a 
constant expenditure of energy. 

c. The Na*/K* pump itself contributes to 
the membrane potential because It 
pumps more Na’ out than it pumps Kt 
in (by a ratio of three to two). 


Review Activities 


Objective Questions 10. Which of the following statements about 


5. Plasma has an osmolality of about 300 
the Na*/K* pump Is true? 


1. The movement of water across a cell 


mOsm. Isotonic saline has an osmolality 


a. Nat is actively transported into the 


membrane occurs by of 

a. active transport a. 150 mOsm. cell. 

b. facilitated diffusion. b. 300 mOsm. b. Kt is actively transported out of the 
c. 600 mOsm. cell 


c. simple diffusion (osmosis). 
d. all of the above. 

_ Which of the following statements about 
the facilitated diffusion of glucose is 
true? 

a. There is anet movement from the 
region of lower to the region of higher 


6. 


d. none of the above apply. 

A0.5 mNaCl solution and a 1.0 m 
glucose solution 

a have the same osmolality. 

b. have the same osmotic pressure. 
Cc. are isotonic to each other. 

d. all of the above apply. 


c. An equal number of sodium and 
potassium ions are transported with 
each cycle of the pump 

d. The pumps are constantly active in all 
cells 


_ Carrier-mediated facilitated diffusion 


a. uses cellular ATP. 


b. Eo tieeeratiiie in the cell membrane 7. The diffusible ion that is most important b. is used for cellular uptake of blood 
are required for this transport. in the establishment of the membrane glucose. 
c. This transport requires energy potential is c. is a form of active transport. 
obtained {rom ATP. a. Kr, d. none of the above apply. 
d. This is an example of cotransport. b. Na’. E — 
_ Ifa poison such as cyanide stops the c Car. id. tae 
production of ATP, which of the following dcr 1. Describe the conditions required for 
8. An increase in blood osmolality osmosis to occur and explain why it 


transport processes would cease? 
a. the movement of Na* out of a cell 
b. osmosis 

c. the movement of K* out of a cell 
d. all of the above 

4. Red blood cells crenate in 

a. ahypotonic solution. 

b. anisotonic solution. 

c. a hypertonic solution. 


a. can occur as a result of dehydration. 

b. causes a decrease in blood osmotic 
pressure. 

c. is accompanied by a decrease in ADH 
secretion. 

d. all of the above apply. 

In hyperkalemia, the membrane potential 

a. increases. 

b. decreases. 

c. is not affected. 


occurs under these conditions 


. Explain how simple diffusion can be 


distinguished from facilitated diffusion 
and how active transport can be 
distinguished from passive transport. 


_ Compare the theoretical membrane 


potential that occurs at K* equilibrium 
with the true resting membrane potential. 
Explain why the resting membrane 
potential is not exactly equal to Ex. 


. Explain how the Na*/K* pump contributes 


to the resting membrane potential. 
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DEJECLIVES o--eeen--ssseeeeeessseeeeeens 


© Define tissue and discuss the importance of 


histology. 
Describe the functional relationship between 
and tissues. 


Classify the tissues of the body according to 
principal types and list the distinguishing 
characteristics of each type. 


Compare and contrast the various types of 


Define exocrine gland and compare and 
various types of exocrine glands in the body. ~ 


Describe the general characteristics, | 
functions of connective tissues. 


List the various ground substances, fiber types; 
cells that constitute connective tissue and 
their functions. 


Describe the structure, location, and function of the 
three types of muscle tissue. 


Describe the basic characteristics and functions of — 
nervous tissue. 


Distinguish between neurons and neuroglia. 
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Detinition and Classification 


of Tissues 


Histology is the specialty of anatomy that involves microscopic study of 
the structure of tissues. Tissues are classified into four basic types on 
the basis of their cellular composition and histological appearance. 


Although cells are the structural and functional units of 
the body, the cells of a multicellular organism are so spe- 
cialized that they do not function independently. Tissues 
are aggregations of similar cells and cell products that per- 
form specific functions. The study of tissues is referred to 
as histology (his-tol’ b-je). The various types of tissues are 
established during embryonic development, and as differ- 
entiation continues, organs form, each composed of a spe- 
cific arrangement of tissues. Many adult organs, including 
the heart and muscles, contain original cells and tissues 
that were not replaced through mitotic activity during fur- 
ther growth and development. Some functional changes may 
occur, however, as the tissues of an organ are acted upon by 
hormones or as their effectiveness diminishes with age. 

Although histology is actually microscopic anatomy, 
it is an essential part of anatomy and physiology because it 
imparts an understanding of the structure and function of 
organs at the tissue level. Many diseases profoundly alter 
the tissues within an affected organ; therefore, by knowing 
the normal tissue structure, a physician can recognize the 
abnormal. In medical schools a course in histology is usu- 
ally followed by a course in pathology, which is primarily 
concerned with identifying diseased tissues. 

Although histologists employ a variety of techniques 
for preparing, staining, and sectioning Ussues, basically only 
two kinds of microscopes are used to view the prepared 
tissues—light microscopes and electron microscopes. Light 
microscopy (mi-kros -kd-pe) is used for the general observa- 
tion of tissue structure (fig. 6.1) and electron microscopy per- 
mits observation of the fine details of tissue and cellular 
structure. Most of the histological photomicrographs in this 
text are at the light microscopic level. Electron micrographs 
a student must observe fine structural detail in 


are used when 
order to understand a particular function. 

Tissue cells are separated and bound together by_a 
nonliying intercellular matrix (ma° triks) that the cells 
secrete. Matrix varies in composition from one Cssue to 


POV TYTIOTrTrr ir 


histology: Gk. Mistos, web (tissue); logos, study 
pathology: Gk. pathos, suffering, disease, logos, study 


Shaft of . 
hair within 
hair follicle 


Shaftot. = 
hair emerging © 

from the exposed 
surface of the — 
skin y) bn + < 4A 


, 


(FIGURES. Lae eos eae eee ee 
) The appearance of skin (a) magnified 2S times,asseen 
} through a compound light microscope, and (b) magnified 280” 
, times, as seen through ascanning electron microscope.  - 


Tis pads ah DEI me a el at i a Oe 


another and may take the form of a liquid, semisolid, or 
solid. Blood, for example, has a liquid matrix, permitting 
this tissue to flow through vessels. By contrast, bone cells 
are separated by a solid matrix, permitting this tissue to 
support the body. 

The tissues of the body are classified into four basic 
kinds on the basis of structure and function: (1) epithelial 
(ep 1-the le-al) tissues cover body and organ surfaces, line 
body and lumen cavities, and form glands; (2) connective tissues 
bind, support, and protect body parts; (3) muscle assues contract 
to produce movement; and (4) nervous tissues initiate and 
transmit nerve impulses from one body part to another. 


SOP e ee eee er eeeeeeeeseeeeesesesereses 


matrix: L. matris, mother 


Bietralanw 
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remains unattached for about 3 days. 


Human prenatal Within 30 hours after fertilization, the 

development is initiated zygote undergoes a mitotic division as it During this time, the center of the morula 
by the fertilization of an ovulated ovum moves through the uterine tube toward fills with fluid passing in from the uterine 
(egg) from a female by a sperm cell from the uterus (see fig. 30.6). After several cavity. As the fluid-filled space develops 
a male. The chromosomes within the more cellular divisions, the embryonic inside the morula, two distinct groups of 
nucleus of a zygote (zi‘ got) (iertilized mass consists of 16 or more cells and is cells form. The single layer of cells 
egg) contain all the genetic intormation called a morula (mor ‘vu-/a) (fig. 1). forming the outer wall is known as the 
necessary lor the differentiation and Three or 4 days after conception, the trophoblast and the inner aggregation of 
development of all body structures. morula enters the uterine cavity where it cells is known as the embryoblast. After 

Sa adadbesnaeee 

ereccccccccs bececcncoes trophoblast: Gk. trophe, nourishment, b/astos, germ 
zygote: Gk. zygotos, yolked morula: Gk. morus, mulberry embryoblast: Gk. embryon, to be full, swell; blastos, germ 


Embryoblast 


Blastocoele 


Amniotic cavity 


Ectoderm 
Endoderm 


Amniotic cavity 


Ectoderm 
Embryonic 
disc Mesoderm 


Endoderm 


FIGURE 1 Yolk sac GS 
The early stages of a A fea Sis 
embryonic development. eer Z Trophobiast 
« (a) Fertilization and the formation of the eee 
_ zygote, (b) the morula at about the third day, (c) the Saat “ee : awn 
blastocyst at the time of implantation between the fifth and leveth day, @ a i cr at2 whois: Rien? ween | va} 
, and Ao) a blastocyst at 3 weeks showing the three primary ey lovery i siense ea embryonic dis. Sea pS 


eee? . 


form such structures as the outer layer of the skin, the inner lining of 
body cavities and lumina, and the covering of visceral organs. 
Glandular epitheha are specialized tissues that form the secre tory 
portion of glands. 


There are (wo Major Calegories of epithelia me mbranous and POOR Ome meee eee es ene eeseeeeeeseesees 
glandular. Membranous epithelia are located throughout the body and epithelium: Gk. epi, upon; thelium, to cover 
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: further development, the trophoblast 

wel becomes a portion of the placenta and 

the embryoblast becomes the embryo. 

) With the establishment of these two 
groups of cells, the morula becomes 
known as a blastocyst (blas 16-sist). 
Implantation of the blastocyst begins 

\ between the fifth and seventh day (see 

| fig. 30.9). 

As the blastocyst completes 
implantation during the second week of 
development, the embryoblast undergoes 
marked differentiation, A slitlike space 
called the amniotic (am ‘ne-ol-ic) cavity 
forms within the embryoblast, adjacent to 


the trophoblast. The embryoblast now 
consists of two layers: an upper 
ectoderm, which is closer to the 
amniotic cavity, and a lower endoderm, 
which barders the blastocyst cavity. A 
short time later, a third layer called the 
mesoderm lorms between the endoderm 
and ectoderm. These three layers 
constitute the primary germ layers. 

The primary germ layers are 
important because all the cells and 


ectoderm: Gk. ecto, outside; derm, skin 
endoderm: Gk. endo, within; derm, skin 
mesoderm: Gk, meso, middle; derm, skin 


Table 6.1 Derivatives of the germ layers 


tissues of the body are derived from 


them (see fig. 30.10). Ectodermal cells 
form the nervous system; the outer layer 
of skin (epidermis), including hair, nails, 
and skin glands; and portions of the 
sensory organs. Mesodermal cells form 
the skeleton, muscles, blood, 
reproductive organs, dermis of the skin, 
and connective tissue. Endodermal cells 
give rise to the lining of the digestive 
tract, the cligestive organs, the respiratory 
tract and lungs, and the urinary bladder 


and urethra. In table 6.1, the derivatives 


of the primary germ layers are listed. 


Mesoderm — J 


Endoderm 


( rmis of skin and epidermal 
‘derivatives: hair, nails, glands of the 
“4 skin; linings of oral, nasal, anal, and 
vaginal cavities 
_ Nervous tissue; sense organs 
"Lens of eye; enamel of teeth 


Muscle: smooth, cardiac, and skeletal 


Connective tissue: embryonic, connective 
tissue proper, cartilage, bone, blood 


and u rethra, and vagina 
Liver and pancreas 


Dermis of skin; dentin of teeth 


Epithelium of blood vessels, lymphatic 
vessels, body cavities, joint cavities 


aa eae 
“4 F 


Epithelium of pharynx, auditory canal, tonsils, 
thyroid, parathyroid, thymus, larynx, trachea, 
lungs, gastrointestinal tract, urinary bladder 


bg 
'™ 
Kol 
i 
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Characteristics of Membranous Enithela 


Membranous epithelia line all body surfaces, cavities, and 
lumina (hollow portions of body tubes) and are specialized 
for protection and absorption. One side of membranous 
epithelia ts always exposed toa body cavity, lumen, or skin 
surface. Some membranous epithelia are derived from ecto- 
derm, such as the outer layer of the skin; some from meso- 


derm, such as the inside lining of blood vessels; and others 
from endoderm, such as the inside lining of the gastroin- 
testinal, or Gl, tract. 


Membranous epithelia may be one layer or several lay- 
ers thick. The upper surface of epithelia may be exposed to 
gases, as in the case of epithelium in the integumentary and 
respiratory systems; to liquids, as in the circulatory and uri- 
nary systems; or to semisolids, as in the digestive system. 
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The deep surface of membranous epithelia is bound to under- 
lying supportive tissue by a basement membrane, consist- 
ing of glycoprotein from the epithelial cells and a meshwork 
of collagenous and reticular fibers from the underlying con- 
nective tissues. Membranous epithelia are avascular (with- 
aut blood vessels) and must be nourished by diffusion from 
underlying connective tissues. The cells of membranous 
epithelia are tightly packed together, and there is little inter- 
cellular matrix between them. 

Some of the functions of membranous epithelia are 
quite specific, but certain generalizations apply. Epithelia 
that cover or line surfaces provide protection from pathogens, 
physical injury, toxins, and desiccation. Epithelia lining the 
lumen of the GI tract function in absorption. The epithe- 
lium of the kidneys allows for filrration, while the epithe- 
lium within the air sacs (alveoli) of the lungs allows for 
diffusion. Highly specialized neuroepithelial cells in the taste 
buds and in the nasal region respond to chemical molecules 
and serve as chemoreceptors. 

Many membranous epithelia are exposed and, there- 
fore, subject to trauma and destruction. For this reason, 
epithelial tissues have remarkable regenerative abilities. The 
mitotic replacement of the outer layer of skin and the lining 
of the GI tract, for example, is a continuous process. 

Membranous epithelia are histologically classified by 
the number of layers of cells and the shape of the cells along 
the exposed surface. Epithelial tissues that are composed of 
a single layer of cells are called simple; those that are lay- 
ered are said to be stratified. Squamous cells are flattened; 
cuboidal cells are cube-shaped; and columnar cells are taller 
than they are wide. 


dimple Enitheha 


Simple epithelial tissues are a single layer thick and are 
located where diffusion, absorption, filtration, and secretion 
oceur. The cells that constitute simple epithelia range from 
thin, flattened cells to tall, columnar cells, depending on 
function. These cells may also exhibit surtace specializauions 
(for example, calia and microvilli) to facilitate specific sur- 


face functions. 


Simple Squamous Epithelium Simple squamous (skwa ‘mus) 
epithelium is composed of flattened, irregularly shaped cells 
that are tightly bound together in a mosaiclike pattern 
(fig. 6.2). Each cell contains an oval centrally located 
nucleus. Simple squamous epithelium ts adapted tor dittu- 
sion and filtration and occurs in such places as the lining of 
air sacs (alveoli) within the lungs (where gaseous exchange 
occurs); a portion of the kidney (where blood ts filtered); 
the inside lining of the walls ot blood vessels; the lining of 
body cavities; and the covering of the viscera (internal 


PTUPRTULORU ECC) 


squamos: L squamosus, scaly 
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(a) 


lumen 


Nucleus 


Simple 


Red blood 
cells within 
lumen 


Simple squamous 
epithelium 
(endothelium) 


Nucleus 


(c) 


FIGURE 6.2 


(a) Simple squamous epithelium lines the lumina of vessels. 
where it permits diffusion. (b) A photomicrograph of this tissue 
and (c) a labeled diagram. 


body organs). The simple squamous epithelium lining the 
lumina of blood and lymphatic vessels is termed endothe- 
lium (fig. 6.2c). That which covers visceral organs and 
lines body cavities is called mesothelium. 


Simple Cuboidal Epithelium Simple cuboidal epithelium 
is composed of a single layer of tightly fitted hexagonal cells 
(fig. 6.3). This type of epithelium is found lining small ducts 
and tubules that may have excretory, secretory, or absorptive 


endothelium Gk endon, within: thelium. to cover 
mesothelium Gk. meso, middle, thelium, to cover 


Red blood 
cells within 


squamous 
epithelium 


Cuboidal 

epithelial 

cells 
FIGURE 6.3 Collecting tubules 
(a) Simple cuboidal epithelium lines (c) 


the lumina of ducts; for example, in the 
kidneys, where it permits movement of fluids and ions. 
(b) A photomicrograph of this tissue and (c) a labeled diagram. 


functions. It occurs on the surface of the ovaries, forms a 
portion of the tubules within the kidney, and lines the ducts 
of the salivary glands and the pancreas. 


Simple Columnar Epithelium Simple columnar epithelium 
is composed of tall, columnar cells (fig. 6.4). The height of 
the cells varies, depending on the site and function of the tis- 
sue. Each cell contains a single nucleus, which is usually 
located near the basement membrane. Specialized unicellular 
glands called goblet cells are dispersed throughout this tissue 
and secrete a lubricative and protective mucus along the free 
surfaces of the cells. This type of epithelium is found lining the 
lumen of the stomach and intestine. In the digestive system, 
simple columnar epithelium forms a highly absorptive surface 
and also secretes certain digestive substances. Within the 
stomach, simple columnar epithelium has a tremendous rate 
of mitotic activity—replacing itself every 2 or 3 days. 


Simple Ciliated Columnar Epithelium Simple ciliated 
columnar epithelium is characterized by the presence of cilia 
along the free surtace (fig. 6.5), whereas the simple columnar 
type is unciliated. Cilia produce wavelike movements that 
transport materials through tubes or passageways. As men- 
tioned in chapter 3, this type of epithelium occurs in the 
uterine tubes of the female, where the currents generated by 


Basement membrane 


the cilia propel the ovum toward the uterus. Furthermore, 
recent evidence indicates that sperm introduced during sex- 
ual intercourse may be moved along the return currents, or 
eddies, generated by ciliary movement. This greatly enhances 
the likelihood of fertilization. 


Pseudostratified Ciliated Columnar Epithelium As the 
name implies, this type of epithelium appears stratified. It 
is actually simple, however, since each cell is in contact 
with the basement membrane, although not all cells are 
exposed to the surface (fig. 6.6). The epithelium has a 
stratified appearance because the nuclei of these cells are 
located at different levels. Numerous goblet cells and a 
ciliated, exposed surface are characteristic of this epithe- 
lium. The lumina of the trachea and the bronchial tubes 
are lined with this tissue; hence, it is frequently called 
respiratory epithelium. Its function is to remove foreign 
dust and bacteria entrapped in mucus from the lower res- 
Piratory system. 


are protective reflex mechanisms for clearing the 

respiratory passages of obstructions or inhaled 

particles that have been trapped in the mucus along 
the ciliated lining. The coughed-up material consists of the 
mucus-entrapped particles. 


\ Coughing, sneezing, or simply “clearing the throat” 
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FIGURE 6.4 

fa) Simple columnar 
epithelium lines the lumen 
of most of the gastrointestinal 
tract, where it permits 
secreticn and absorption. 

(b) A photomicrograph of 
this tssue and (c) a labeled 
diagram. 
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ae 
Cytoplasm 
(a) Vagina 
Cilia 
FIGURE 6.5 
(a) Simple ciliated columnar epithelium lines the lumen of the Cell 
uterine tube, where currents generated by the cilia propel the \ membrane 
egy cell toward the uterus. (6) A photomicrograph of this tissue % ton 
and (c) a labeled diagram. () _ | ec arhlegad 
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FIGURE 6.6 

(a) Pseudostratified ciliated 
columnar epithelium lines the 
lumen of most of the 
respiratory tract, where it traps 
foreign material and moves it 
away from the alveoli of the 
lungs. (b) A photomicrograph 
of this tissue and (c) a labeled 
diagram. 


Bronchiole 


Secondary bronchi 


(a) 


(c) 


Stratified Enithela 


Stratified epithelia are tissues consisting of two or more 
layers of cells. In contrast to simple epithelia, stratified 
epithelia are poorly suited for absorption and secretion 
because of their thickness. Stratified epithelia have a pri- 
marily protective function that is enhanced by a charac- 
teristic rapid mitotic activity. Stratified epithelia are 
classified according to the shape of the surface layer of cells, 
since the layer in contact with the basement membrane is 
cuboidal or columnar in shape. 


Stratified Squamous Epithelium Stratified squamous 
epithelium is composed of a variable number of cell layers 
that tend to flatten near the surface (fig. 6.7). Only at the 
deepest layer, the stratum basale, does mitosis occur. The 
mitotic rate approximates the rate at which cells are 
sloughed off at the surface. As the newly produced cells 
grow, they are pushed toward the surface where they will 
replace the cells that are sloughed off. Movement of the 
epithelial cells away from the supportive basement membrane 


e Cilia 


Goblet cell 


Nucleus 


Pseudostratified 
ciliated columnar 
epithelium 


Basal cell 


Basement membrane 


is accompanied by progressive dehydration, flattening, and 
the production of the protein keratin (ker ‘a-tin). 

There are two types of stratified squamous epithelia; 
keratinized and nonkeratinized. Stratified squamous epithe- 
lium that is keratinized forms the outer layer, or epidermis, of 
the skin (see chapter 7). Keratin is a protein that strength- 
ens the tissue. This type of epithelium is especially durable 
and can generally withstand physical abrasion, desiccation, 
and bacterial invasion. The outer layers of the stratified 
squamous epithelium of the skin are dead but are kept pliable 
by local glandular secretions. 

Nonkeratinized stratified squamous epithelium lines 
the oral cavity and pharynx, nasal cavity, Vagina, and anal 
canal. This type of epithelium, called mucosa, is well 
adapted to withstand moderate abrasion but not fluid loss. 
The cells on the free surface of this tissue remain alive and 
are always moistened. 
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keratin: Gk. keras, horn 
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es FIGURE 6.7 


4 Stratified squamous epithelium 1s the first line of 
defense against the entry of living organisms into the 
body. Stratification, along with rapid mitotic activity 
and keratinization within the epidermis of the skin, are 

important protective features. An acidic pH along the surfaces 
of this tissue also helps to prevent disease. The pH of the skin 
ranges from 4 to 6.8. The pH in the oral cavity ranges from 5.8 
to ae which tends to retard the growth of microorganisms. The 
pH of the anal region is about 6, and the pH along the surface 


of the vagina is 4 or lower 


Stratified Cuboidal Epithelium Stratified cuboidal epithe- 


lium usually consists of only two or three layers of cuboidal 


Stratified squamous epithelium forms the outer layer Of akin aay the nies of ied ‘openings. In» 
the moistened areas, such as in the vagina (q) it is nonkeratmnized, -whereas in the poidelms of 
the skin itis keraunized. (b) A photomicrograph of Hie tissue aod i a labaled diagram: he 
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cells forming the lining around.a lumen (fig. 6.8). This type 
of epithelium ts confined to the linings of the larger ducts of 
sweat glands, salivary glands, and the pancreas. The strati- 
fication of this tissue probably prov ides a more robust lin- 
ing than would be afforded by simple epithelium. 


Transitional Epithelium = Transitional epithelium is simi- 
lar to nonkeratinized stratified squamous epithelium except 
that the surface cells of the former are large and round 
rather than flat, and some may have two nuclei (fig 6.9). 
Transitional epithelium is located only within the urinary 
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Parotid gland 


Lumen ot 
parotid duct 


(a) 


Interlobular 
connective 
tissue 


FIGURE 6.8 
(a) Stratified cuboidal epithelium lines the 
lumina of large ducts like the parotid duct, 
which drains saliva from the parotid gland. 
(b) A photomicrograph of this tissue and (c) a 

labeled diagram. (c) Paras 


Ureter 


Uninary 
bladder 


; els ; “Nucleus 
Urethra » . F = . Cytoplasm 
(a) 4 y 
« +} 
Transitional *, 2 arena 
FIGURE 6.9 epithelium membrane 
(a) Transitional epithelium lines the cavity of the : 1 smooth 
urinary bladder and the lumina of the ureters, where - ‘ muscle 
it permits distension. (b) A photomicrograph of this ) 


tissue and (c) a labeled diagram. 


Histology 


Downloaded from Durr-e-Danish Library 


Chapter Six 


PTaile Riluice anes wc os ees cs 
- IE 0.6 _ Summary of membranous epithelial tissues __ 
Type Structure and function 
Simple epithelia Single layer of cells; diffusion and filtration 


Simple squamous epithelium 


Simple cuboidal epithelium 


Simple columnar epithelium 


Simple ciliated columnar epithelium 


Pseudostratified ciliated columnar 
epithelium 


Stratified epithelia 


Stratified squamous epithelium 
(keratinized) 


Stratified squamous epithelium 
(nonkeratinized) 


Stratified cuboidal epithelium 


Transitional epithelium 


Single layer of flattened, tightly bound cells; 
diffusion and filtration 


Single layer of cube-shaped cells; excretion, 
secretion, or absorption 


Single layer of nonciliated, tall, columnar- 
shaped cells; protection, secretion, and 
absorption 


Single layer of ciliated, columnar-shaped cells; 
transportive role through ciliary motion 


Single layer of ciliated, irregularly shaped cells, 
many goblet cells; protection, secretion, ciliary 
movement 


Two or more layers of cells; protection, 
strengthening, or distension 


Numerous layers containing keratin, outer 
layers flattened and dead; protection 


Numerous layers lacking keratin, outer layers 
moistened and alive; protection and pliability 


Usually two layers of cube-shaped cells; 
strengthening of luminal walls 


Numerous layers of rounded, nonkeratinized 
cells; distension 


Sey SL 
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: 


Location 
Covering visceral organs; linings of lumina 
and body cavities 


Capillary walls; alveoli of lungs; covering 
visceral organs, linings of body cavities 


Surface of ovaries; linings of renal tubules, 
salivary ducts, and pancreatic ducts 


Lining of most of GI tract 


Lining the lumen of the uterine tubes 


Lining of respiratory passageways 


Epidermal layer of skin; linings of body 
openings, ducts, and urinary bladder 


Epidermis of skin 


Linings of oral and nasal cavities, vagina, and 
anal canal 


Larger ducts of sweat glands, salivary 
glands, and pancreas 


Luminal walls of ureters and urinary bladder 


system, particularly in the luminal surface of the urinary 

bladder and the walls of the ureters. This tissue is specialized 

to permit distension (stretching) of the urinary bladder. 
Epithelial tissues are summarized in table 6.2. 


Fody Membranes 


Body membranes are composed of thin layers of epithelial 
tissue and, in certain locations, epithelial tissue coupled 
with supporting connective tissue. Body membranes cover, 
separate, and support visceral organs and line body cavities. 
There are two basic types of body membranes: mucous 
(myoo kus) membranes and serous (se Tus) membranes. 

~ Mucous membranes secrete a thick, viscid substance 
called mucus. Generally, mucus lubricates or protects the 


associated organs where it ts secreted. Mucous membranes 


line various cavities and tubes that enter or exit from the 
body, such as the oral and nasal cavities and the tubes of the 
respiratory, reproductive, urinary, and digestive systems. 

Serous membranes line the thoracic and abdomin- 
opelvic cavities and cover visceral organs, secreting a watery 
lubricant called serous fluid. Pleurae are serous sevibiaries 
associated with the lungs (see chapter 24). Each pleura 
(pleura of right lung and pleura of left lung) has two parts. 
The visceral pleura adheres to the outer surface of the lung, 
while the parietal (pa-ri’&-tal) pleura lines the dhianiele 
walls and the thoracic surface of the diaphragm. The moist- 
ened space between the two pleurae is know as the pleural 
cavity. 

Pericardial membranes are the serous membranes of 
the heart (see chapter 21). A thin visceral pericardium 


covers the surface of the heart and a thicker parietal 
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pericardium is the durable covering that surrounds the heart. 
The space between these two membranes is called the peri- 
cardial cavity. 

Serous membranes of the abdominal cavity are called 
peritoneal (per 1-t6-ne ‘al) membranes (see chapter 26). 
The parietal peritoneum lines the abdominal wall and the 
visceral peritoneum covers the visceral organs (fig. 6.10). 
The peritoneal cavity is the potential space within the 
abdominopelvic cavity between the parietal and visceral 
peritoneal membranes. Certain organs, such as the kidneys, 
adrenal glands, and a portion of the pancreas, which are 
within the abdominal cavity, are positioned behind the pari- 
etal peritoneum and therefore are said to be retroperitoneal. 
Mesenteries (mes ‘en-ter“éz) are double folds of peritoneum 
that connect the parietal to the visceral peritoneum. 


Glandular Epithelra 


Glandular epithelia are specialized tissues that have secre- 
tory functions. During the prenatal development of epithe- 
lial tissue, certain epithelial cells invade the underlying 
connective tissue, forming specialized secretory accumu- 
lations called exocrine (ek “So-krin) glands. Structurally, 
there are two types of exocrine glands: unicellular and 
multicellular. Unicellular exocrine glands are ductless and 
their secretion is expelled directly to the surface of a_tissue. 
Multicellular exocrine glands retain a connection to the sur- 
face in the form of a duct, through which secretions flow. 
Multicellular exocrine glands within the integumentary 
system include sebaceous (oil) glands, sweat glands, and 
mammary glands. Multicellular exocrine glands are clas- 
sified according to the structure of the gland and its means 
of discharging the secretory product. Exocrine glands 
should not be confused with endocrine glands (see chap- 
ter 19). The latter are ductless and secrete hormones into 


the blood. 


Unicellular Glands Unicellular glands are single-celled 
exocrine glands interspersed with the various columnar 
epithelia. A mucus-secreting goblet cell is a good example of 
a unicellular gland. Goblet cells are found in the epithelial 
linings of the respiratory, digestive, urinary, and reproduc- 
tive systems, where the mucus secretion lubricates and pro- 
tects the surface linings (fig. 6.11). 


Multicellular Glands 9 Mulricellular glands, as their name 
implies, are composed of numerous secretory cells in addi- 
tion to cells that form the walls of the ducts. Multicellular 
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FIGURE 6.10 


Visceral organs of the abdominal cavity and the supporting 
serous membranes. The serous membranes are labeled in bold 
face. 


exocrine glands are divided into simple and compound 
glands. The ducts of the simple glands do not branch or 
have only a few branches, whereas those of the compound 
type have multiple branches (fig. 6.12). Multicellular 
glands are further classified according to the shape of the 
secretory portion. They are identified as aubular if the secre- 
tory portion resembles the ductule portion and as acinar if 
the secretory portion ts flasklike. Multicellular glands with 
a secretory portion that resembles both a tube and a flask 
are termed tubuloacinar. 
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_ Agoblet cell is a unicellular: 
.. gland that secretes mucus ta 
_.- lubricate and protect surface 
_ + linings: (a) Goblet cells are 

_ _abundantin the columnar Liver 

epithelium lining the lumen of 

‘the small intestine. 
_ (b) Aphotomicrograph of 


Gallbladder 


Ft goblet cells and (c) a labeled Large intestine 
as diagram. 
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Multicellular exocrine glands are also classified 
according to the means by which they discharge the secre- 
tory product (fig. 6.13). Glands that secrete their prod- 
ucts by exocytosis through the cell membrane of the 
secretory cells are called merocrine (mer ‘d-krin) glands. 
Salivary glands, pancreatic glands, and certain sweat 
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glands are of this type. In apocrine (ap‘0-krin) glands the 
secretion accumulates on the surface of the secretory cell, 
and then a portion of the cell, along with the secretion, is 
pinched otf to be discharged. Mammary glands and cer- 
tain sweat glands are apocrine glands. In a holocrine 
(hol S-krm) gland, the entire secretory cell is discharged 


apocrine: Gk. apo, off, krinein, to separate 
holocrine. Gk. holos, whole: Arinein, to separate 


Duct 


Secretory portion 


Simple tubular 


Simple Simple acinar 
branched tubular Simple Simple 


Compound tubular Compound acinar Compound tubuloacinar 


Histology 


FIGURE 6.12 

Structural classification of multicellular exocrine glands. The 
secretory portions of the simple glands either do not branch or 
have only a few branches, whereas those of the compound type 
have multiple branches. 


Disintegrating cell 
and its contents 
(secretion) 


Portion of cell 
(secretion) 


(a) Merocrine gland (b) Apocrine gland (c) Holocrine gland 


FIGURE 6.13 
Secretory classification of multicellular exocrine glands: (a) 
merocrine gland, (b) apocrine gland, and (c) holocrine gland. 
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IL. Multiceltular Protect, cool body, lubricate, aid in digestion, Sweat glands, digestive glands, mammary 
* maintain body homeostasis glands, sebaceous glands 


A ‘Simple 
1. Tubular Aid in digestion Intestinal glands 
™ 2. Branched tubular Protect, aid in digestion Uterine glands, gastric glands 
3. Coiled tubular Regulate temperature Certain sweat glands 
4. Acinar Provide additive for spermatozoa Seminal vesicle of male reproductive system 
5. Branched acinar Condition skin Sebaceous skin glands 
B. Compound 
1, Tubular Lubricate urethra of male, assist body Bulbourethral gland of male reproductive 
digestion system, liver — 
Provide nourishment for infant, aid in : d 
} digestion — 
buloacinar Ald in digestion... siess oben ban 
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- Classification of exocrine glands by mode of secretion 


Chapter Six 


Type Description of secretion Example 


Merocrine glands Watery secretion for regulating temperature Salivary and pancreatic glands, certain sweat 
or enzymes that promote digestion glands 


Apo = ne gl ands Portion of secretory cell and secretion are Mammary glands, certain sweat glands 
2 ’ ( p vides 0 rishme nt for nfant. ‘ oa ; 


discha rg ae 


along with the secretory product. An example of 2 Sharacteristics and Classification 


holocrine gland is a sebaceous, or oil-secreting, gland of 


eackic. of tonnective lissues 


Glandular epithelia are summarized in table 6.3. 


Connective tissue is found throughout the body and, as the 
name indicates, supports or binds other tissues and provides 
for the metabolic needs of all body organs. Certain types of 
connective tissue store nutritional substances, whereas other 
types manufacture protective and regulatory materials. 


Connective tissues are classified according to the characteristics of the Although connective tissue varies tremendously in 
matrix that binds the cells. Connective tissues provide structural and structure and function, all connective tissues have similari- 
: , rt for other tssues and organs of the body. fc : sb imnants : : 
metabolic support for othe gans of y ties. With the exception of mature cartilage, connective 
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tissues are highly vascular and well nourished. They are able 
to replicate and, by so doing, are responsible for the repair of 
body organs. Unlike epithelial tissues, which are composed 
of tightly fitted cells, connective tissues contain consider- 
ably more matrix (intercellular material) than cells. Con- 
nective tissues do not occur on free surfaces of body cavities 
or on the surface of the body, as do epithelial tissues. Fur- 
thermore, connective tissues are embryonically derived from 
mesoderm, whereas epithelial tissues derive from ectoderm, 
mesoderm, and endoderm. 

The classification of connective tissues is not exact, and 
several schemes have been devised. In general, however, they 
are named according to the kind and arrangement of the 
matrix. The following are the basic kinds of connective tissues. 
A. Embryonic connective tissue 

B. Connective tissue proper 
1. Loose (areolar) connective tissue 
2. Dense regular connective tissue 
3. Dense irregular connective tissue 
4. Elastic connective tissue 
5. Rericular connective Cssue 


6. Adipose connective tissue 


C. Cartilage 
1. Hyaline cartilage 
2. Fibrocartilage 
3. Elastic cartilage 


D. Bone 


E. Vascular (blood) tissue 


embryo (a). A photomicrograph of this tissue is shown in (b), 
~ and a labeled diagram ine) 


FIGURE 6.14 

Mesenchyme 1s undifferentiated embryonic mesodermal. - 
connective tissue that can migrate and give rise to‘allother 
kinds of connective tissue. Itis found in an early developing — 
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The embryonic period of development, which lasts 6 weeks 
(from the beginning of the third to the end of the eighth 
week), is characterized by a tremendous amount of tissue 
differentiation and organ formation. At the beginning of 
the embryonic period, all connective tissue appears the same 
and is referred to as mesenchyme (mez ‘en-kim). Mesenchyme 
is undifferentiated embryonic connective tissue that is 
derived from mesoderm. It consists of irregularly shaped cells 
lying in large amounts of a homogeneous, jellylike matrix 
(fig. 6.14). In certain periods of development, mesenchyme 
migrates to predisposed sites where it interacts with other 
tissues to form organs. Before the end of the embryonic 
period, once mesenchyme has migrated to the appropriate 
position, it differentiates, and from it all other kinds of con- 
nective tissues are formed. 

Some mesenchymal-like tissue persists past the embry- 
onic period in certain sites within the body. Good examples 
are the undifferentiated cells that surround blood vessels 
and form fibroblasts if the vessels are traumatized. Fibroblasts 
assist in healing wounds (see chapter 7). 

Another kind of prenatal connective tissue exists only 
in the ferus (the fetal period is from 9 weeks to birth) and is 
called mucous connective tissue, or Wharton's jelly. It gives 
the umbilical cord a turgid consistency. 


reticular. L rete, net or netlike 
Wharton’s jelly: from Thomas Wharton, English anatomist, 1614-73 
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Connective lissue Proper 


Connective tissue proper has a loose, flexible matrix, fre- 
quently called ground substance. The most common cell 
within connective tissue proper is called a fibroblast 
(fi ‘bro-blast). Fibroblasts are large, star-shaped cells that 
produce collagenous, elastic, and reticular (78-tik ‘yit-lar) 
fibers. Collagenous (k6-laj é-nus) fibers are composed of a 
protein called collagen (col’a-jen); they are flexible, yet 
they have tremendous strength. Elastic fibers are com- 
posed of a protein called elastin, which provides certain 
tissues with elasticity. Collagenous and elastic fibers may 
be either sparse and irregularly arranged, as in loose con- 
nective tissue, or tightly packed, as in dense connective 
tissue. Tissues with loosely arranged fibers generally form 
packing material that cushions and protects various organs, 
whereas those that are tightly arranged form the binding 
and supportive connective tissues of the body. 


Resilience in tissues that contain elastic fibers is 

extremely important for a number of physical body 

functions. Consider, for example, that elastic fibers 

are found in the walls of arteries and in the walls of 
the lower respiratory passageways. As these walls are 
expanded by blood moving through vessels or by inspired air, 
the elastic fibers must first stretch and then recoil. This 
maintains the pressures of the fluid or air moving through the 
lumina, thus ensuring adequate flow rates and rates of 
diffusion through capillary and lung surfaces. 


Reticular fibers reinforce by forming thin, short threads that 
branch and join to form a delicate lattice or reticulum. Retic- 
ular fibers are common in lymphatic glands, where they form 
a meshlike center called the stroma. 

Six basic types of connective Ussue proper are generally 
recognized. These tissues are distinguished by the consis- 
tency of the ground substance and the type and arrangement 
of the reinforcement fibers. 


Loose Connective (Areolar) Tissue = Loose connective tis- 
sue is distributed throughout the body as a binding and pack- 
ing maternal. It binds the skin to the underlying muscles and 
is highly vascular, providing nutrients to the skin. Loose 
connective tissue surrounding muscle fibers and muscle 
groups ts known as fascia (fash‘e-d). It also surrounds blood 
vessels and nerves, where it provides both protection and 
nourishment. Specialized cells called mast cells are dispersed 


collagen: Gk. ko/la, glue 

elastin: Gk. e/asticus, 10 drive 
stroma: Gk. sfroma, a couch or bed 
fascia. L. fascia, band or girdle 
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throughout the loose connective tissue surrounding blood 
vessels. Mast cells produce heparin (hep “a-rin), an anticoag- 
ulant that prevents blood from clotting within the vessels. 
They also produce histamine, which is released during inflam- 
mation and acts as a powerful vasodilator. 

The cells of loose connective tissue are predominantly 
fibroblasts, with collagenous and elastic fibers dispersed 
throughout the ground substance (fig. 6.15). The irregular 
arrangement of this tissue provides flexibility, yet strength, 
in any direction. It is this tissue layer, for example, that per- 
mits the skin to move when a part of the body is rubbed. 


connective tissue and is called tissue fluid. 
Sometimes excessive tissue fluid accumulates, 
” causing a swelled condition called edema (é-de’ma). 
Edema is symptomatic of a variety of dysfunctions or 
disease processes. 


\ Much of the fluid of the body is found within loose 


Dense Regular Connective Tissue Dense regular connec- 
tive tissue is characterized by large amounts of densely 
packed collagenous fibers lying parallel to the direction of 
force placed on this tissue during body movement. Because 
this tissue is silvery white in appearance, it is sometimes 
called white fibrous connective tissue. 

Dense regular connective tissue occurs where strong, 
flexible support is necessary (fig. 6.16). Tendons, which 
attach muscles to bones and transfer the forces of muscle 
contractions, and ligaments, which connect bone to bone 
across articulations, are composed of this type of tissue. 


common sports-related injuries. A strain is an 
excessive stretch of the tissue composing the tendon 
or muscle, with no serious damage. A sprain isa 
tearing of the tissue of a ligament and may be slight, 
moderate, or complete. A complete tear of a major ligament is 
especially painful and disabling. Ligamentous tissue does not 
heal itself well because it has a poor blood supply. Surgical 
reconstruction is generally needed for the treatment of a 
severed ligament. 


\ Trauma to ligaments, tendons, and muscles are 


J 


Dense Irregular Connective Tissue Dense irregular con- 
nective tissue ts characterized by large amounts of densely 
packed collagenous fibers that are interwoven to provide ten- 
sile strength in any direction. This tissue is found in the der- 
mis of the skin, submucosa of the GI tract, and composing 
the fibrous capsules of organs and joints (fig. 6.17). It also 
makes up the collagenous matrix of bone, called osteoid. 


heparin: Gk. hepatos, the liver 
tendon: L. fendere, to stretch 
ligament: L. /igare, bind 
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Histology 


(a) 


(c) 
FIGURE 6.15 
Loose connective tissue 1s packing and binding tissue that surrounds muscles (a), nerves, 
and vessels and binds the skin to the underlying muscles. (b) A photomicrograph of this 
tissue and (c) a labeled diagram. 
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(a) 
FIGURE 6.16 
Dense regular connective tissue forms the strong and highly flemble tendons (a) and 


ligaments. (b) A photom: 
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Chapter Six 


FIGURE 6.17 


Dense irregular connective tissue forms joint capsules (a) 3 . 
that contain synovial fluid for lubricating movable joints. (b) ~~ 


A photomicrograph of this tissue and {c) a labeled diagram. wk 


otet Sas ee SH Sn Re 


Elastic Connective Tissue Elastic connective tissue has 
a predominance of elastic fibers that are irregularly arranged 
and yellowish in color (fig. 6.18). They can be stretched to 
one and a half times their original lengths and will snap back 
to their former size. Elastic connective tissue ts found in the 
walls of large arteries, in portions of the larynx, and in the 
trachea and bronchial tubes of the lungs. It is also present 
between the arches of the vertebrae that make up the ver- 


tebral column. 


Reticular Connective Tissue Reticular connective tissue 


is characterized by a network of reticular fibers woven through 


a jellylike matrix (fig. 6.19). Certain specialized cells within 
reticular tissue are phagocytic (fag”6-sit‘ik), and therefore 
ingest foreign materials. The liver, spleen, lymph nodes, and 
bone marrow contain reticular connective tissue. 


Adipose Connective Tissue Adipose tissue is a special- 
ized type of loose fibrous connective tissue that contains 
large quantities of adipose cells, or adipocytes. Adipose 
cells form from mesenchyme and, for the most part, are 
formed prenatally and during the first year of life. Adipose 
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adipose L. adiposus, lat 
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FIGURE 6.18 


Elastic connective tissue permits stretching of a large artery (a) as blood flows 
through. (b) A photomicrograph of this tissue and (c) a labeled diagram. 
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FIGURE 6.19 
Reticular ussue forms the stroma, or framework, of organs such as the spleen (a), liver, 
yt and lyrnph nodes. (b) A photomicrograph ol this tissue and (c) a labeled diagram 


Histology 
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(a) 
FIGURE 6.20 
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Adipose tissue is abundant in the hypodermis of the skin (a) and around various 
internal organs. (b) A photomicrograph of this tissue and (c) a labeled diagram. 


cells store droplets of fat within their cytoplasm, causing 
them to swell and forcing their nuclei to one side (fig. 6.20). 

Adipose tissue ts found throughout the body but 1s con- 
centrated around the kidney, in the hypodermis of the skin, on 
the surface of the heart, surrounding joints, and in the_breasts 
of sexually mature females. Fat functions not only as a food 
reserve but supports and protects various organs. Fat is a good 
insulator against cold because it is a poor conductor of heat. 


. The excessive fat of obesity is a significant risk factor 
\ in cardiovascular disease, in diabetes mellitus, and 
in endometrial and breast cancer. For these reasons, 


JZ qood exercise programs and sensible diets are 
extremely important. Adipose tissue can also retain 
environmental pollutants that are ingested or absorbed 
through the skin. Dieting eliminates the fat stored within the 
tissue but not the tissue itself 

The surgical! procedure of suction lipectomy may be used 
to rermove small amounts of adipose tissue from certain 
localized body areas, such as the breasts, abdomen, buttocks, 
or thighs. Suction hpectomy 1s used for cosmetic purposes 
rather than as a treatment for obesity, and the risks for 
potentially de trmental side-effects need to be seriously 
considered Potential candidates should be between 30 and 
40 years old and only about 15 to 20 pounds overweight. They 
should also have good skin elasti ty 
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The characteristics, functions, and locations of con- 
nective tissue proper are summarized in table 6.4. 


Cartilage lissues 


Cartilage tissue consists of cartilage cells, or chondrocytes 
(kon ‘dro-sitz), and a semisolid matrix that imparts marked 
elastic properties to the tissue, Cartilage isa supportive and 
protective connective tissue that is frequently associatedawith 
bone. It forms a precursor of one type of bone and persists at 
the articular surfaces on the bones of all movable joints. 
The chondrocytes within cartilage may occur singly 
but are frequently clustered. Chondrocytes occupy cavities, 
called lacunae (la-kyoo ne), within the matrix. Most carti- 
lage tissue is surrounded by a dense regular connective tissue 
called perichondrium (per “i-kon ‘dre-wm). Cartilage at the 
articular surfaces of bones (articular cartilage) lacks peri- 
chondria. Because mature cartilage is avascular, it must 
receive Nutrients through diffusion from the perichondrium 


lacuna L. lacuna, hole or pit 


Location 


Predominantly fibroblast cells with lesser 


amounts of collagen and elastin proteins; 


muscles, beneath the skin 


binds organs, holds tissue fluids 


Densely packed collagenous fibers lying 


Tendons, ligaments 


Parallel to the direction of force; provides 


strong, flexible support 


Densely packed collagenous fibers arranged 
in a tight interwoven pattern; provides tensile 
Strength in any direction 


Predominantly irregularly arranged elastic 
fibers; supports, provides framework 


and the surrounding tissue. For this reason, cartilaginous tis- 
sue has a slow rate of mitotic activity and, if damaged, heals 
with difficulty. 

There are three kinds of cartilage: hyaline cartilage, 
fibrocartilage, and elastic cartilage. Each is distinguished by 
the type and amount of fibers embedded within the matrix. 


Hyaline Cartilage Hyaline (hi‘a-lin) cartilage has a homo- 
geneous, bluish-white matrix in which the collagenous fibers 
are so fine that they can be observed only with an electron 
microscope. When viewed through a microscope, hyaline 
cartilage has a clear, glassy appearance (fig. 6.21). 

Hyaline cartilage is the most abundant cartilage within 
the body and is commonly called “grisde.” It covers the artic- 
ular surfaces of hones, supports the tubular trachea and 
bronchi of the respiratory system, reinforces the nose, and 
forms the flexible bridge, called costal cartilage, between 
the ventral end of each of the first 10 ribs and the sternum. 
Most of the bones of the body form first as hyaline cartilage 
and later become bone in a process called ossification. 


Fibrocartilage = Fibrocartilage has its matrix reinforced with 
numerous collagenous fibers (fig. 6.22). It is a durable tis- 
suc, adapted to withstand tension and compression. [tts 


hyaline: Gk. hya/os, glass 
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Dermis of skin, fibrous capsules of organs 
and joints 


Large arteries, lower respiratory tract, between 
the arches of vertebrae 


found at the symphysis pubis, where the two pelvic bones 
articulate, and between the vertebrae as intervertebral discs. 
It also forms the cartilaginous wedges within the knee joint, 
called menisci (see chapter 11). 


= By the end of the day, the intervertebral discs of the 
vertebral column are somewhat compacted. Soa 
person is actually slightly shorter in the evening than 
in the morning following a recuperative rest. With 
aging comes a gradual and irreversible compression of the 
fibrocartilaginous discs. 


Elastic Cartilage Elastic cartilage is similar to hyaline 
except for the presence of abundant elastic fibers that make 
elastic cartilage very flexible while maintaining its strength 
(fig. 6.23). The numerous elastic fibers also give it an 
unstained yellowish appearance. This tissue is found in the 
outer ear, portions of the larynx, and in the auditory canal. 

The structure, function, and location of cartilage is 
summarized in table 6.5. 


Fone lissue 


Bone tissue, or osseous connective tissue, Is the Most 
rigid of the connective tissues. Unlike cartilage, bone has 
arich vascular supply and is the site of considerable meta- 
bolic activity. The hardness of bone is largely due to the 
inorgante calcium phosphate (calcium hydroxyapatite) 


Histology 


FIGURE 6.21 


Hyaline cartilage is the most abundant cartilage within the body. 
It occurs in such places as the larynx (a), trachea, rib cage and 

embryonic skeleton. (b) A photomicrograph of this tissue and (c) a 
labeled diagram. 
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FIGURE 6.22 
Fibrocartilage ts Ic 
between the 


of this tiss 


cated at the symphysis pubis, within the knee joint, and 
vertebral discs (a). A photomicrograph 
ind a labeled diagram in (c) 


2 vertebrae as the inter 
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Table ba Summary of cartilage taste ; Waeviny es 


Homogeneous matrix with extremely fine 
collagenous fibers; provides flexible support, 
protects, is precursor to bon 
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FIGURE 6.23 (c) 
Elastic cartilage gives support to the outer ear (a), auditory canal, 

of the larynx. (b) A photomicrograph of this tissue and 

c) a labeled diagram. 


and parts 


( 


deposited within the intercellular matrix. Numerous col- The two types of bone tissue are classified according to poros- 
lagenous fibers, also embedded within the matrix, give ity, and most bones have both types (fig. 6.24). Compact, 
some flexibility to bone. or dense, bone tissue ts the hard, outer layer, whereas 


spongy, or cancellous, bone tissue is the porous, highly vas- 


cular, inner portion. Compact bone tissue ts covered by the 
salts dissolve away and the bone becomes pliable. It 


retains its basic shape but can be easily bent and 


‘\ When bone 1s placed 1n a weak acid, the calcium 


periosteum. It provides for attachment of muscles and pro- 


twisted. In calcium deficiency diseases, such as tects and strengthens the bone. Spongy bone tissue makes 
rwWIst¢ ica ae cle Y Gisedses, suc as ¥ 

rickets, the bone tissue becomes phable and bends under the the bone hghter and provides a space tor bone marrow, where 
weight of the body (see fig. 7.8) blood cells are produced. 
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Central canal 

Osteocyte 
within a 
lacuna 


FIGURE 6.24 

Bone (a) consists of compact and spongy bone 
tissues. (b) A photomicrograph of compact bone 
tissue and (c) a labeled diagram. 


In compact bone tissue, mature bone cells, called osteo- 
cytes, are arranged in concentric layers around a central 
(haversian) canal, which contains a vascular and nerve sup- 
ply. Each osteocyte occupies a cavity called a lacuna. Radi- 
ating from each lacuna are numerous minute canals, called 
canaliculi. The canaliculi traverse the dense matrix of the 
bone tissue to adjacent lacunae. Nutrients diffuse through 
the canaliculi to reach each osteocyte. The inorganic matrix 
is deposited in concentric layers called lamellae. Spongy and 
compact bone tissues are described further in chapter 8. 


Vascular Connective issue 


Blood is a highly specialized, viscous connective tissue. The 
cells, or formed elements, of vascular connective tissue are 
suspended in the liquid plasma matrix (fig. 6.25). Blood plays 
a vital role in maintaining internal body homeostasis. The 
three types of formed elements found within the blood are 
erythrocytes, (red blood cells), leukocytes (white blood 


haversian canal from Clopton Havers, English anatomist, 1650-1702 
erythrocyte Gk erythros, red. kytos, hollow (cell) 
leukocyte Gk. Jeukos. white, kytos, hollow (cell) 


Canaliculi 


cells), and thrombocytes (platelets). Formed elements and 
the physiology of blood are discussed in detail in chapter 20. 


issue repair activity, usually involving connective 
tissue. A minor scrape or cut results in platelet and 
plasma activity of the exposed blood and the 
formation of a scab. The epidermis of the skin regenerates 
beneath the scab. A severe open wound eventuates 
connective tissue granulation. In this process, collagenous 
fibers form from surrounding fibroblasts to strengthen the 
traumatized area. The healed area is known as a scar. 


\ An injury to a portion of the body may stimulate 


J] 


Muscle Tissues 


Muscle ussues are responsible 


for the movement of matenals through 
the body, the movement of one part of the body with respect to another. 
and for locomotion, Fibers m the three kinds of muscle tissue are 
adapted to contract in response to stimuli. 


Peer eeeeesceresereeseceesecesceeeece 


thrombocyte: Gk thrombos, a clot, kytos, hallow (cell) 
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FIGURE 6.25 

Vascular connective tissue, or blood, is 
composed of a fluid matnix, called plasma, 
and three types of formed elements: 
erythrocytes (red blood cells), leukocytes 
(white blood cells), and thrombocytes 
(platelets). 


Piasma 


Cells 


Muscle tissues are unique in possessing the property of con- 
tractility. The muscle cells, or fibers, are elongated in the direc- 
tion of contraction. Movement is accomplished through the 
shortening of the fibers in response to a stimulus. Muscle tis- 
sue is derived from mesoderm. There are three types of mus- 
cle tissue in the body: smooth, cardiac, and skeletal (fig. 6.26). 


Smooth Muscle Smooth muscle tissue is common through- 
out the body, occurring in many of the systems. For example, 
in the wall of the GI tract it provides the motive power for 
the peristaltic movements involved in the mechanical diges- 
tion of food. Smooth muscle is also found in the walls of 
arteries, the walls of respiratory passages, and in the urinary 
and reproductive ducts. The contraction of smooth muscle 
is under autonomic (involuntary) nervous control, and is 
discussed in more detail in chapter 12. 

Smooth muscle fibers are long, spindle-shaped cells. 
Each contains a single nucleus and lacks striations. These 
cells are usually grouped together in flattened sheets, form- 
ing the muscular portion of a wall around a lumen. 


Cardiac Muscle Cardiac muscle tissue makes up most of 
the wall of the heart. This tissue is characterized by bifur- 
cating (branching) fibers, a centrally positioned nucleus, 
and transversely positioned intercalated (in-ter‘ka-lat-ed) 
dises. Intercalated discs help to hold adjacent cells together 
and transmit the force of contraction from cell to cell. Like 
skeletal muscle, cardiac muscle ts striated, but unlike skele- 
tal muscle it experiences rhythmical involuntary contrac- 
tions. Cardiac muscle is further discussed in chapter 12. 


Blood sample 


Erythrocytes 


Leukocytes Thrombocytes 


——* 


Paras 


Skeletal Muscle Skeletal muscle tissue attaches to the 
skeleton and is responsible for voluntary body movements. 
Each elongated, multinucleated fiber has distinct transverse 
striations. Fibers of this muscle tissue are grouped into par- 
allel fasciculi (bundles) that can be seen without a micro- 
scope in fresh muscle. Both cardiac and skeletal muscle fibers 
are striated and cannot replicate once tissue formation has 
been completed shortly after birth. Skeletal muscle tissue is 
discussed further in chapter 12. The three types of muscle 
tissue are summarized in table 6.6. 


flervous Tissues 


Nervous tssue ts composed of neurons, which respond to sumult and 
conduct impulses to and from all body organs, and neuroglia, which 
functionally support and physically bind neurons. 


Neurons Although there are several kinds of neurons 
(noo ‘ronz) in nervous tissue, they all have three principal 
components: (1) a cell body, or perikaryon; (2) dendrites; 
and (3) an axon (fig. 6.27b). Dendrites function to receive 
stimuli and conduct impulses to the cell body. The cell 
body, or perikaryon (per “kar ‘e-on), contains the nucleus 
and specialized organelles and microtubules. The axon is 
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~ neuron: Gk. neuron, sinew or nerve 


perikaryon: Gk. peri, around, karyon, nut or kernel 
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FIGURE 6.26 


The three types of muscle tissue: (a) smooth muscle fibers teasec 
apart aay ac muscle and (c) skeletal muscle 


Table 6.5 Summary of muscle tissue 


Type Structure and function Tocatlon 
RE 
Elongated, spindle-shaped fiber with single nucleus; Walls of hollow internal organs 


Smooth muscle tissue 
{ involuntary movements of internal organs 


Branched, striated fiber with single nucleus and Heart muscle 
intercalated discs; involuntary rhythmic contraction 


| Cardiac muscle tissue 


Le dea striated, eying aa ca ™ 
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(a) 


FIGURE 6.27 

Nervous tissue 1s found in the brain (a), and consists 
of two principal kinds of cells: (b) neurons and 

(c) neuroglia. 


a cytoplasmic extension that conducts impulses away from 
the cell body. The term nerve fiber refers to any process 
extending from the cell body of a neuron. 

Neurons derive from ectoderm and are the basic struc- 

tural and functional units of the nervous system. They are 
specialized to respond to physical and chemical stimuli, con- 
duct nerve impulses, and perform other functions such as 
storing memory, thinking, and regulating the activity of other 
organs or glands. Of all the body’s cells, neurons are probably 
the most specialized. As with muscle cells, the number of 
neurons 1s established shortly atter birth; thereafter, they lack 
the ability to undergo mitosis, although under certain cir- 
cumstances a severed portion can regenerate. 
Neuroglia = In addition to neurons, nervous tissue 1s com- 
posed of neuroglia (noo-rog le-ah)(tig. 6.27). Neuroglial 
cells are about five times as abundant as neurons and have 
limited mitotic abilities. They do not transmit impulses 
but support and bind neurons together. Certain neuroglial 
cells are phagocytic; others assist in providing sustenance 
to the neurons. 

Neurons and neuroglia are discussed in detail in 
chapter 14. 


neurogha. Gk neuron, nerve, glia, glue 
atrophy Gk a. without, frophe. nourishment 


Clinical Considerations 


As discussed at the beginning of this chapter, the study of 
histology is extremely important in understanding organ and 
system structure and function. Histology has immense clin- 
ical importance as well. Many diseases are diagnosed through 
microscopic examination of tissue sections. Even in per- 
forming an autopsy, an examination of various tissues may be 
needed to establish the cause of death. 

Several sciences are concerned with specific aspects of 
tissues. Histopathology is the study of diseased tissues. Histo- 
chemistry is concerned with the biochemical physiology of 
Ussues as they function to maintain body homeostasis. His- 
totechnology studies the various ways tissues can be better 
stained and observed. In all of these disciplines, a thorough 
understanding of normal, or healthy, tissues is imperative 
for recognizing altered, or abnormal, tissues. 


Changes in lissue Composition 


Most diseases alter tissue structure locally where the disease ts 
prevalent, although some diseases, called general conditions, 
cause changes remote from the locus of the disease. Atrophy 
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(wasting of body tissue), for example, may be confined to a 
particular organ where the disease interferes with the metab- 
olism of that organ; or it may involve an entire limb if nour- 
ishment or nerve impulses are decreased or prohibited. Muscle 
atrophy, for example, can be caused by a disease of the nervous 
system such as polio, or it can be the result of a diminished 
blood supply to a muscle. Senescence (sé-nes ens) atrophy, or 
simply senescence, is the natural aging of tissues and organs 
within the body. Disuse atrophy is a local atr phy that results 
from the inactivity of a tissue or organ. Muscular dystrophy 
causes a disuse atrophy that decreases muscle size and strength 
due to the loss of sarcoplasm within the muscle. 

Necrosis (n-kro ‘sis) is cellular or tissue death within 
the living body. It can be recognized by changes in the dead 
tissues. Necrosis can be caused by a number of factors, such 
as severe injury; physical agents (trauma, heat, radiant 
energy, chemical poisons); or interference with the nutrition 
of tissues. When examined histologically, the necrotic tis- 
sue usually appears opaque, and a whitish or yellow color 
is assumed. Gangrene is a massive necrosis of tissue accom- 
panied by an invasion of microorganisms that live on decay- 
ing issues. 

Somatic death is the death of the body as a whole. Fol- 
lowing somatic death, tissues undergo irreversible changes 
such as rigor mortis (muscular rigidity), clotting of the 
blood, and cooling of the body. Postmortem changes occur 
under varying conditions at predictable rates, which is use- 
ful in estimating the approximate time of death. 


issue Analysis 


In diagnosing a disease, it is frequently important to examine 
tissues from a living person histologically. When this is nec- 
essary, a biopsy (removal of a section of living tissue) is per- 
formed. (The term biopsy ts also used to refer to the living 
tissue removed.) There are several techniques for obtaining 
a biopsy. Surgical removal is usually done on large masses or 
tumors. Curettage involves cutting and scraping Ussue, as may 
be done in examining for uterine cancer. Ina percutaneous 
needle biopsy, a biopsy needle ts inserted through a small skin 
incision and tissue samples are aspirated. Both normal and 
diseased tissues are removed for purposes of comparison. 
Preparing tissues for examination involves a number 
of steps. Fixation 1s fundamental for all histological prepa- 
ration. It is the rapid killing, hardening, and preservation 
of tissue to maintain its existing structure. Embedding the 
tissue in a supporting medium such as paraffin wax usually 
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necrosis. Gk. nekros, Corpse 
gangrene Gk. gangraina, gnaw or eal 


follows fixation. The next step is sectioning the tissue into 
extremely thin slices, followed by mounting exe ak eta 
ona slide. Some tissues are fixed by rapid freezing and then 
sectioned while frozen, making embedding unnecessary, 
Frozen sections enable the pathologist to make a quick diag- 
nosis during a surgical operation. 

These are done frequently, for example, in cases of 
suspected breast cancer. Staining is the next step. The 
hematoxylin and eosin (H & E) stains are routinely used on 
all tissue specimens. They give a differential blue and red 
color to the basic and acidic structures within the tissue. 
Other dyes may be needed to stain for specific structures. 

Examination is first done with the unaided eye and 
then with a microscope. Practically all histological condi. 
tions can be diagnosed with low magnification (25x). Higher 
magnification is used to clarify specific details. Further exam- 
ination may be performed with an electron microscope, 
which makes visible the cellular structures that are the mor- 
phological bases of metabolic processes. Histological obser- 
vation is the foundation of subsequent diagnosis, prognosis, 
treatment, and reevaluation. 


issue Iransplantation 


In the last two decades, medical science has made tremen- 
dous advancements in tissue transplants. Tissue transplants 
are necessary for replacing nonfunctional, damaged, or lost 
body parts. The most successful transplant is one where tis- 
sue is taken from one place on a person’s body and moved to 
another place, such as a skin graft from the thigh to replace 
burned tissue of the hand. This type of transplant is termed 
an autotransplant. Isotransplants are transplants between 
individuals who are closely related genetically. Identical 
twins have the hest acceptance success in this type of trans- 
plant. Homotransplants (between individuals of the same 
species) and heterotransplants (between two different 
species) have low acceptance percentages because of a 
tissue-rejection reaction. When this occurs, the recipient's 
immune mechanisms are triggered, and the donor's tissue ts 
identified as foreign and is destroyed. The reaction can be 
minimized by “matching” recipient and donor tissue. 
Immunosuppressive drugs also may lessen the reyection rate. 
es drugs oF fs aeneang with the recipient's immune 
mechanisms. Unfortunately, immunosuppressive drues may 
also lower the reciprent’s resistance to ot anal <hee 
niques involving blood transfusions from donor to recipient 
before transplant are Proving successtul. In any event, tis- 
sue transplants are an IMpPortant aspect of medical research, 
and significant breakthroughs are on the horizon, 
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Chapter summary 


Definition and Classification of Tissues 
(p. 107) 


1. Tissues are aggregations of similar cells 
that perform specific functions. The study 
of tissues 1s called histology 

2. Cells are separated and bound together by 
an intercellular matrix, the composition of 
which varies from solid to liquid 

3. The four principal types of tissues are 
epithelial tissues, connective tissues, 
muscle tissues, and nervous tissues 


Epithelial Tissues (pp. 108-120) 


1. Epithelia derive from all three germ 
layers and may be one or several layers 
thick. The lower surface of membranous 
epithelia is supported by a basement 
membrane 
a Simple epithelia vary in shape and 
surface characteristics. They are 
located where diffusion, filtration, and 
secretion occur. 

b. Stratified epithelia consist of two or 
more layers of cells and are adapted 
for protection. 


c. Transitional epithelium lines the 
urinary bladder and is adapted for 
distension 

2. The body has two principal types of 
membranes. mucous membranes, which 
secrete protective mucus, and serous 
membranes, which line the thoracic and 
abdominopelvic cavities and cover 
visceral organs 

3. Glandular epithelia derive from 
developing epithelial tissue and function 
as secretory exocrine glands. 


Connective Tissues (pp. 120-130) 


1. Connective tissues derive from 
mesenchymal mesoderm and, with the 
exception of cartilage, are highly vascular. 

2. Connective tissue proper contains 
fibroblasts, collagenous fibers, and 
elastic fibers within a flexible ground 
substance. 

3. Cartilage tissue provides a flexible 
framework for many organs. It consists of 
a semisolid matrix of chondrocytes and 
various fibers. 


4. Bone (osseous) tissue consists of 
osteocytes, collagenous fibers, and a 
durable matrix of mineral salts. 

5. Vascular (blood) tissue consists of 
formed cellular elements (erythrocytes, 
leukocytes, and thrombocytes) 
suspended in a fluid plasma matrix. 


Muscle Tissues (pp. 130-131) 


1. Muscle tissues (Smooth, cardiac, and 
skeletal) are responsible for the 
movement of materials through the body, 
the movement of one part of the body with 
respect to another, and for locomotion 

2. Fibers in the three kinds of muscle tissues 
are adapted to contract in response to 
stimuli. 


Nervous Tissues (pp. 131-133) 


1. Neurons are the functional units of the 
nervous system. They respond to stimuli 
and conduct impulses to and from all 
body organs. 

2. Neuroglia support and bind neurons 
Some are phagocytic; others provide 
sustenance to neurons. 


Review Activities 


Objective Questions 


1. Which of the following is nota principal 
type of body tissue? 

a mervous tissue 

b integumentary tissue 

Cc. connective tissue 

d muscular tissue 

e. epithelial tissue 

2. Which of the following 1s a false 
statement regarding tissues? 

a. Tissues are aggregations of similar 
kinds of cells that perform specific 
functions 

b All tissues are microscopic and are 
Studied within the science of histology 

c All tissues are stationary within the 
body at the location of their 
developmental ongin 

d Abody organ is composed of two or 
more kinds of tissues 
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3. Connective tissues, muscle tissues, and 
the dermis of the skin derive from 
embryonic 
a. mesoderm. 

b. endoderm. 
c. ectoderm. 

4. Which statement ts fa/se regarding epithelia? 

a. They are derived from mesoderm, 
ectoderm. and endoderm. 

b. They are strengthened by elastic and 
collagenous fibers 

c One side 1s exposed to the lumen, 
Cavity, or external environment. 

d They have very few extracellular 
matrix-binding cells 

5. A gastric ulcer of the stomach would 
involve 
a simple cuboidal epithelium 
Db transitional epithelium 
Cc simple ciliated columnar epithelium 
d simple columnar epithelium 


6. Which structural and secretory 
designation describes mammary glands? 
a acinar, apocrine 
b. tubular, holocrine 
c. tubular, merocrine 
d. acinar, holocrine 

7. Dense regular connective tissue is found in 
a_ blood vessels 
b. the spleen 
c. tendons 
d_ the wall of the uterus 

8. The phagocytic connective tissue found in 
the lymph nodes, liver, spleen, and bone 
marrow ts 
a. reticular connective tissue 
b areolar connective tissue 
Cc mesenchyme 
d. elastic Connective tissue 


Histology 


9. 


10. 


Cartilage is slow in healing following an 

injury because 

a. itis located in body areas that are 
under constant physical strain. 

b. itis avascular. 

c. its chondrocytes cannot reproduce. 

d. it has a semisolid matrix. 

Cardiac muscle tissue has 

a. striations. 

b. intercalated discs. 

c. rhythmical involuntary contractions. 

d. all of the above. 


Essay Questions 


ih. 


Define tissue. What are the differences 
between cells, tissues, glands, and organs? 


2. What physiological functions are 


Chapter Six 


epithelial tissues adapted to perform? 


3. 


Identify the epithelial tissue 

in the alveoli of the lungs; 

lining the lumen of the GI tract; 

in the outer layer of skin; 

in the urinary bladder; 

in the uterine tube; and 

lining the lumina of the lower 
respiratory tract. 

Describe the function of the tissue in each 
case. 


=e 2008 


. Why are both keratinized and 


nonkeratinized epithelia found within the 

body? 

Describe how epithelial glands are 

Classified according to structural 

complexity and secretory function. 

Identify the connective tissue 

a. onthe surface of the heart and 
surrounding the kidneys; 

b. within the lumen of the aorta; 


10 


forming the symphysis pubis; 
supporting the outer ear; 

forming the lymph nodes; and 

f. forming the tendo calcaneus. 
Describe the function of the tissue in each 
case. 

Compare and contrast the following: 
reticular fibers, collagenous fibers, 
elastin, fibroblasts, and mast cells. 

What is the relationship between adipose 
cells and fat? Discuss the function of fat 
and explain the potential danger of 
excessive fat. 

Discuss the mitotic abilities of each of the 
four principal types of tissues. 

Define the following terms: atrophy, 
necrosis, gangrene, and somatic death. 


2 oo 
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Chapter Seven 


Ine tntegument'as an Organ 


The integument (skin) ts the largest organ of the body. Together with 
its epidermal modifications (hair, glands, and nails), wt constitutes the 
mlegumentary system. It has adapuve modifications m certam body 
areas that accommodate protective or metabolic functions. The 
integument is a dynamuc terface between the contmually changmg 
external entironment and the body's internal environment and helps 
to maintain homeostasis. 


We are more aware of and concerned with our integumen- 
tary system than perhaps any other system of our body. One 
of the first things we do in the morning is examine ourselves 
in a mirror and assess how to make our appearance pre- 
sentable. Periodically, we examine our skin for wrinkles and 
our scalp for gray hairs as signs of aging. We recognize other 
people to a large extent by features of their skin. 

The appearance of our skin frequently determines the 
initial impression we make on others. Unfortunately, it may 
also determine whether or not we succeed in gaining social 
acceptance. For example, social rejection during teenage 
years, imagined or real, can be directly associated with skin 
problems such as acne. One's image of oneself and conse- 
quent social behavior may be closely associated with physi- 
cal appearance. 

Even clothing styles are somewhat determined by how 
much skin we, or the designers, want to expose. But our skin 
is much more than a showpiece; it protects and regulates 
structures within the body. 

The skin, or integument (in-teg“yoo-ment), and its asso- 
ciated structures (hair, glands, and nails) constitute the 
integumentary system. Included in this system are the mil- 
lions of sensory receptors and a vascular network. The skin 
is a dynamic interface between the body and the external 
environment. It protects the body from the environment 
even as it allows for communication with the environment. 

The skin is considered an organ, since it consists of 
several kinds of tissues that are structurally arranged to func- 
tion together. It is the largest organ of the body, covering 
over 7600 sq cm (3000 sq in.) in the average adult, and 
accounts for approximately 7% of a person's body weight. 
The skin is of variable thickness, averaging between 1.0 and 
2.0 mm. It is thickest on the parts of the body exposed to 
wear and abrasion, such as the soles of the feet and palms 
of the hand, where it is about 6 mm. It is thinnest on the 
eyelids, external genitalia, and tympanum (eardrum), where 
it is approximately 0.5 mm. Even the texture varies from the 
rough, callous skin covering the elhows and knuckles to the 
soft, sensitive areas of the eyelids, nipples, and genitalia. 


integument: L_ integumentum. a covering 
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and condition of the skin are 
they provide clues to certain 
Pale skin may indicate 
n skin may indicate 


The general appearance 
clinically important because 
body conditions or dysfunctions. 
shock, whereas red, flushed, overwarl 
ction. A rash may indicate allergies or local 


fever and infe 
ay be the result 


infections. Abnormal textures of the skin m 
onal problems (table 7.1). Even 


of glandular or nutriti ' 
he a clue to emotional problems. 


chewed fingernails may 


Layers of the Integument 


The integument consists of two principal layers The outer epidermis is 
and functional layers and the thick 


straufied mto four or five structural 
and deeper dermis consists of two layers. The hypodermis 
(subcutaneous tissue) connects the skin to underlymg organs. 


fpidermis 


The epidermis is the superficial protective layer of the skin 
and is composed of stratified squamous epithelium that varies 
in thickness from 0.007 to 0.12 mm. All but the deepest lay- 
ers of the epidermis are composed of dead cells. The epider- 
mis is composed of either four or five layers, depending on its 
location within the body (figs. 7.1 and 7.2). The epidermis 
of the palms and soles has five layers because these areas are 
exposed to the most friction. The epidermis of all other areas 
of the body has only four layers. The names and character- 
istics of the epidermal layers are as follows: 


1 Stratum basale (basal layer). The stratum basale is composed 
of a single layer of cells in contact with the dermis. Four types of 
cells compose the stratum basale: keratinocytes (ker a-tin’o-sitz), 
melanocytes (mel’a-no-sitz), tactile cells (Merkel cells), and 
nonpigmented granular dendrocytes (Langerhans cells). With the 
exception of tactile cells, these cells are constantly dividing 
mitotically and moving outward to renew the epidermis. It usually 
takes between 6 and 8 weeks for the cells to move from the 
stratum basale to the surface of the skin. 

Keratinocytes are specialized cells that produce keratin 
(ker “a@-tm), which toughens and waterproofs the skin. As 
keratinocytes are pushed away from the vascular nutrient and 
oxygen supply of the dermis, their nuclei degener: 
content is dominated by keratin, and the proce 
completed. By the time keratinocytes have re 
the skin, they are scalelike, dead cells filled w 
in loose cell membranes. Melanocytes are 


ate, their cellular 
ss of keratmization is 
ached the surtace of 
ith keratin enclosed 
specialized epithelial 
cells that synthesize the pigment melanin (mel“a-nm), providing a 
protective barrier to the ultraviolet radiation in sunlight. T. 


actile 
cells are sparse as compared to keratinocytes and me 


lanocytes. 
epidermis: Gk. epi, on, derma. skin 

stratum. L_ stratum, something spread out 

basale Gk. basis, base 

keratinocyte Gk. keras, hornlike; kytos, cell 

melanocyte: Gk. melas, black; kytos, cell 


] 
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Table 1] Conditions of the skin and associated structures indicating 
nutritional deficiencies or body dysfunctions aa 


Deficiency Comments 


Zinc Redness and itching 

Riboflavin Inflammation in genital region 

Vitamin By, folic acid, or starvation Dark pigmentation on backs of hands and feet 
Protein, calories, and other nutrients Usually occurs in young children or infants 

Vitamin A, unsaturated fatty acids Rough skin due to keratotic plugs from hair follicles 
Niacin and tryptophan Lesions on areas exposed to sun 

Niacin Noted at belt area at the hips 

Iron Thin nails that are concave or spoon-shaped 


Integumentary System 


Stratum corneum 
Stratum granulosum 


Stratum spinosum 


Stratum basale 


Arrector 
pili muscle 


Sweat gland 


Artenole 


Venule 


FIGURE 7.1 


A diagram of the skin 
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These cells aid in tactile (touch) reception. 
Nonpigmented granular dendrocytes are 
scattered throughout the stratum basale. 
They are protective macrophage cells that 
ingest bacteria and other foreign debris. 


2 Stratum spinosum (spiny layer). The 
stratum spinosum contains several 
stratified layers of cells. The spiny 
appearance of this layer is due to the 
changed shape of the keratinocytes. Since 


siwuapidg 


there ts limited mitosis in the stratum 
spinosum, this layer and the stratum basale 
are collectively referred to as the stratum 
germinativum (jer-mi na-tl vm). 


| Stratum granulosum (granular layer). 


simiag 


This layer consists of only three or four 
flattened rows of cells. The cells within 
this layer appear granular due to the 
process of keratinization 


FIGURE 7.2 


4 Stratum lucidum (clear layer). The 
nuclet, organelles, and cell membranes are 
no longer visthle in the cells of the stratum 
lucidum, and so histologreally this layer 
appears clear. It exists only in the lips and in the thickened skin of 


the soles and palms. 


5 Stratum corneum (hornlike layer). The stratum corneum 
(kor ne-tm) as composed of 25 to 30 Layers of fattened, scalclike 
cells, which are continuously shed as flakelike residues of cells. 
This surface layer as cornified and ts the real protective layer of the 
skin (fig. 7.3). Comufteation is brought on by kerauinization, and 
the hardening, flattening process that takes place as the cells die 


and are pushed to the surface. 


Friction at the surtace of the skin stimulates 
additional mitotic activity of the stratum basale, 
resulting in the formation of a callus for addition- 
al protection. The specific characteristics of each 


epidermal layer are described in table 7.2. 


because pigmented dyes are injected 


< \ Tattooing colors the skin permanently 
below the mitotic basal layer into the 

dermis. Because of frequent nonsterile 

1s, those who administer the tattoo may 


A 


conditior 
introduce infections along with the dye. 


Normal skin color ts 


Coloration of the Skin 


caused by the expression of a combination of 
three pryments; melanin, carotene, and hemoglo- 


macrophagic Gk makras large, phagein, to eal 
spinosum | spina thorn 

germinativum L germinare sprout of growth 
granulosum L granum grain 

lucidum L J/ucidus, ight 

corneum L corneus. harnlike 

vitiigo Lo vwtatio, blemish 

carotene L. carota Carrot (referring to orange Coloration) 


A photomicrograph of the epidermis (250 x). 


bin (he ‘mo-glo bin). Melanin isa 
brown-black pigment produced in the 
melanocytes of the stratum basale (fig. 
7.4). All races have virtually the same 
number of melanocytes, but the 
amount of melanin produced and the 
dearee of granular aggregation of the 
melanin determine whether an indi- 
vidual’s skin color is black, brown, 
red, tan, or white. Melanin is a pro- 
tective device that guards against the 
damaging effect of the ultraviolet rays 
in sunlight. A gradual exposure to the 
sunlight promotes the increased pro- 
duction of melanin within’ the 
melanocytes, and hence tanning of 
the skin. The skin of a genetically 
determined albino has the normal 
complement of melanocytes in the 
epidermis but lacks the enzyme tyrosi- 
nase, that converts the amino acid 
tyrosine to melanin. 

Other genetic expressions of melanocytes are more 
common than albinism. Freckles, for example, are caused by 
aggregated patches of melanin. A lack of melanocytes in 
localized areas of the skin causes distinct white spots in the 
condition called vitiligo (vit-T-li gd). 

Carotene is a yellowish pigment found in the epidermal 
cells and fatty parts of the dermis. Carotene is abundant in 


the skin of Asians and, together with melanin, accounts for 
their yellow-tan skin. 


FIGURE 7.3 

A scanning electron micrograph of the surface of the skin showing the 
opening of a sweat gland. The fragmented-ap 
which are present throughout the body on the surface of the skin. 


pearing particles are bacterid, 
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Table Lt Layers of the epidermis 


FIGURE 7.4 


Melanocytes throughout the stratum basale (see arrow) produce 


melanin. 


Hemoglobin is not a pigment of the skin; rather, it is 
the oxygen-binding pigment found in red blood cells. Oxy- 
genated blood flowing through the dermis gives the skin its 


pinkish tones. 


symptomatic discoloration of the skin. Cyanosisis a 
bluish discoloration of the skin that appears 1n people 
my wth certain cardiovascular or respiratory diseases 
People also become cyanotic during an inte! ruption of 


- \ Certain physical conditions or diseases cause 


PPPPPTTTTTTTITrrr re 
hemoglobin Gk haima, blood, globus, globe 
cyanosis: Gk. kyanosis, dark-blue color 
jaundice. L. galbus, yellow 
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Stratum corneum 
Consists of many layers of keratinized, dead 
that are flattened and nonnucleated; cornified 


Stratum lucidum 
A thin, clear layer found only in the epidermis oO} 
palms and soles al 


Stratum granulosum “4 
Composed of one or more layers of granular ce 
Ne ____ that contain fibers of keratin and shriveled nuc’ 
la Stratum spinosum 
; Composed of several layers of cells with 
located, large, oval nucle: and spinelike proces 
limited mitosis } 


Stratum basale 
nsists of a single layer of cuboidal c 
Jergo mitosis; contains pigment produc 


Wyte 


breathing. In jaundice. the skin appears yellowish because of 
an excess of bile pigment in the bloodstream. Jaundice 1s 
usually symptomatic of liver dysfunction and sometimes of 
liver immaturity, as in a jaundiced newborn. Erythema isa 
redness of the skin generally due to vascular trauma, such as 
from a sunburn. 


Surface Patterns 9 The exposed surface of the skin has rec- 
ognizable patterns that are either congenital or acquired. 
Congenital patterns called fingerprints, or friction ridges, are 
present on the palms and soles as well as on the finger and 
toe pads. The designs formed by these lines have basic sim- 
ilarities but are not identical in any two individuals, even 
identical twins. They are formed by the pull of elastic fibers 
within the dermis and are well established prenatally. As 
the name implies, friction ridges function to prevent slip- 
page when grasping objects. Because they are precise and 
easy to reproduce, fingerprints are customarily used for iden- 
tifying individuals in the science known as dermatoglyphics. 
All primates have fingerprints, and even dogs have a char- 
acteristic “nose print” that is used for identification in the 
military canine corps. 

Acquired lines include the deep flexion creases on the 
palms and the shallow flexion lines that can be seen on the 
knuckles and on the surface of other joints. Furrows on the 
forehead and face are acquired from continual contraction of 
facial muscles, such as from smiling or squinting in bright 
light or against the wind. Facial lines become more strong- 
ly delineated as a person ages. 

Stee eeceionssacvecuaesaerassecaesns 


erythema: Gk erythros, red; haima, blood 
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Chapter Seven 


Dermis 


The dermis is deeper and thicker than the epidermis (see 
fig. 7.1). Blood vessels within the dermis nourish the living 
portion of the epidermis, and numerous collagenous, elas- 
tic, and reticular fibers give support to the skin. The fibers 
within the dermis radiate in definite directions, producing 
lines of tension on the surtace of the skin and providing skin 
tone. The elastic fibers in the dermis of a young person are 
considerably more numerous than those in the dermis of one 
who ts elderly. A decreasing amount of elastic fiber is appar- 
ently directly associated with aging. The dermis is highly 
vascular and glandular and contains many nerve endings 
and hair follicles. 


Layers of the Dermis = The dermis is composed of two lay- 
ers. The upper layer, called the stratum papillarosum (pap- 
illary layer), ts in contact with the epidermis and accounts 
for about one-fifth of the entire dermis. Numerous projec- 
tions, called papillae, extend from the upper portion of the 
dermis into the epidermis. Papillae form the base for the 
friction ridges on the fingers and toes. 

The deeper and thicker layer of the dermis is called 
the stratum reticularosum (reticular layer). In fact, it is this 
layer that corresponds to the hide of an animal used to make 
leather and suede. Fibers within this layer are more dense 
and regularly arranged to form a tough, flexible meshwork. It 
is quite distenstble, as is evident in pregnant women or obese 
individuals, but it can be stretched too far, causing “tear- 
ing” of the dermis. The repair of a strained dermal area leaves 
a white streak called a stretch mark, or linea albicans. Lin- 
eae albicantes frequently develop on the abdomen and 
breasts of a woman during pregnancy (fig. 7.5). 


FIGURE 7.5 


ks (lineae albicantes) on the abdomen 


papilla L papula swelling or pimple 


Innervation of the Skin The dermis of the skin has exten- 
sive innervation. Specialized integumentary effectors con- 
sist of muscles or glands within the dermis that respond to 
motor impulses transmitted from the central nervous system 
to the skin by autonomic nerve fibers. 

Several types of sensory receptors respond to various 
tactile (touch), pressure, temperature, tickle, or pain sensa- 
trons. Some are exposed nerve endings, some form a net- 
work around hair follicles, and some extend into the papillae 
of the dermis. Certain areas of the body, such as the palms, 
soles, lips, and external genitalia, have a greater concentra- 
tion of sensory receptors and are therefore more sensitive to 
touch. Chapter 18 includes a detailed structural and func- 


tional account of the various sensory receptors. 


Vascular Supply of the Skin Blood vessels within the der- 
mis supply nutrients to the mitotically active stratum basale 
of the epidermis and to the cellular structures of the dermis, 
such as glands and hair follicles. Dermal blood vessels play an 
important role in regulating body temperature and blood 
pressure. Autonomic vasoconstriction or vasodilation 
responses can either shunt the blood away from the superfi- 
cial dermal arterioles or permit it to flow freely throughour 
dermal vessels. Fever or shock can be detected by the color 
and temperature of the skin. Blushing is the result of invol- 
untary vasodilation of dermal blood vessels. 


“ A healthy 
circulating blood 


flow in debilitated 
bedridden patients 
is important for the 


A 


prevention of bedsores, or 
decubitus ulcers. When a 
person lies in one position 
for an extended period, the 
dermal blood flow is 
restricted where the body 
presses against the 
bedding. Asa 
consequence, cells die and 
open wounds develop (fig 
7.6). Changing the position 
of the patient {frequently 
and peniodically 
massaging the skin to 
Sumulate blood flow help to 
keep the skin he iulthy. 


FIGURE 7.6 


A decubitus 


ulcer on the medial 


surface of the ankle. Frequent 


t ford IDitus ! it 
r tlreq Vy in tr Kir 

lying a bony fF tion 
ich asattt shay ink } 
houlde DOV 


decubitus L decumbere lie down 
ulcer L ulcus. sore 
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Hypodermis = The hypodermis, or subcutaneous tissue, 
binds the dermis to underlying organs. The hypodermis is 
composed primarily of loose fibrous connective tissue and 
adipose cells interlaced with blood vessels (see fig. 7.1). Col- 
lagenous and elastic fibers reinforce the hypodermis— 
particularly on the palms and soles, where the skin is firmly 
attached to underlying structures. The amount of adipose 
in the hypodermis varies with the sex, age, region of the 
body, and nutritional state of the individual. The hypoder- 
mis of females is generally about 8% thicker than that of 
males. The hypodermis also functions to store lipids, insulate 
and cushion the body, and regulate temperature. 


injection site for subcutaneous medication. 


\ The hypodermis is of clinical importance as an 
Subcutaneous injections may be administered to 


od ents w 
patients who are unconscious or uncooperative, and 


when oral medications are not practical. Slow-release, low- 
dosage subcutaneous medications are now available. These 
types of medications may regulate metabolism, inhibit 
ovulation (for birth control), or mitigate pain. Subcutaneous 
devices for diabetics, which continuously release small 
dosages of insulin, are currently in use 


Physiology of the integument 


The integument is an extremely dynamic organ. Not only does it protect 


the body from pathogens and external jury, it also plays a major role 


m maintaining body homeostasis 


Physical Protection 


The skin is a physical barrier to most microorganisms, water, 
and excessive ultraviolet (UV) light. Oily secretions onto 
the surface of the skin form an acidic (pH 4.0-6.8) protec- 


tive film that waterproofs the body and retards the growth of 


most pathogens. The protein keratin in the epidermis also 
waterproofs the skin. Cornification of the outer layers of the 
epidermis toughens the mostly dead cells to withstand abra- 
sion and the penetration of microorganisms. Upon exposure 
to UV hight, the melanocytes in the lower epidermal layers 
are stimulated to synthesize melanin, which in turn absorbs 
and disperses sunlight. Surface friction causes the epidermis 


to thicken and form a protective callus. 


4 Regardless of skin pigmentation, everyone 1s 
susceptible to skin cancer if exposure to sunlight is 
sufficiently intense and continuous. There are an 

~ estimate 1800 000 new cases of skin cancer yearly in 
the United States, and approximately 9300 of these are 
diagnosed as the potentially life-threatening melanoma 
(cancer of melanocytes). Melanomas are usually termed 


malignant because they may spread rapidly. Sunscreens 


POCO e eee eaeeeeeseneeeeneaeene 


hypodermis: Gk. hypo, under, derma, skin 
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are advised for people who must be in direct sunlight for 
long periods of time 

The skin absorbs two wavelengths of ultraviolet rays from 
the sun: UV-A and UV-B The DNA within the basal skin cells 


is UV-B rays 


may be damaged as the sun's more danger 
penetrate the skin. Although it was once believed that UV-A 


ive 


rays were harmless, recent findings indicate that exce 
exposure to UV-A rays may inhibit the DNA repair proc 
that follows exposure to UV-B. Therefore, individuals who are 
exposed solely to UV-A rays in tanning salons still risk 
melanomas, since they will later be exposed to UV-B rays of 


sunlight when they are out-of-doors 


Hydroregulation 


The thickened, keratinized, and cornified epidermis of the 
skin is adapted for continuous exposure to the air. In addi- 
tion, the outer layers are dead and scalelike, and a protein- 
polysaccharide basement membrane adheres the stratum 
basale to the dermis. Human skin is virtually waterproof, pro- 
tecting the body from desiccation (dehydration) on dry land 
and even from water absorption when immersed in water. 


/hermoregulation 


The skin plays a crucial role in the regulation of body tem- 
perature. Body heat comes from cellular metabolism, par- 
ticularly in muscle cells as they maintain tone or a degree 
of tension. A normal body temperature of 37° C is main- 
tained by the antagonistic effects of sweating and shivering, 
which involve feedback mechanisms. Excess heat is actual- 
ly lost from the body in three ways, all involving the skin: (1) 
through radiation from dilated blood vessels, (2) through 
secretion and the evaporation of perspiration, and (3) through 
convection and the conduction of heat directly through the 
skin (fig. 7.7). Sweat secretion increases approximately 


FIGURE 7.7 


A thermogram of the hand showing differential heat radiation 
Hair and body fat are good insulators. Red and yellow indicate 


the warmest parts of the body. Blue, green, and white indicate the 


coolest 
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100-150 ml/day for each 1-degree ele- 
vation in body temperature. Up to 10 
L of sweat per day may be secreted to 
cool the body of a person doing hard 
physical work out-of-doors in the 
summertime. 


A serious danger of continued 
exposure to heat and excessive 
water and salt loss is heat 
exhaustion, characterized by 
nausea, weakness, dizziness, 


-s 


headache, and a decreased blood 
pre is similar to heat 
exhaustion, except thats 


ure. Heat stroke 


veating 1s 
inhibited (for reasons that are not clear) 
and body temperature rises in heat 
stroke. Convulsions, brain damage, and 
death may follow. 


Excessive heat loss triggers a shiv- 
muscles, which 


a 
——s 


ering response in 

. ; . (a) 
increases cellular metabolism and con- 

sequent heat production. Not only do FIGURE 7.8 


skeletal muscles contract, but tiny 
smooth muscles called arrector pili 
(a-rek‘tor pili), which are attached to 
hair follicles (see fig. 7.9), contract 

involuntarily, causing goose bumps. 
- When the body's heat-producing mechanisms 
\ cannot keep pace with heat loss, hypothermia 


results. A lengthy exposure to temperatures below 
20° C and dampness may lead to this condition. This 


J 
is why it is so important that a hiker, for example, dress 
appropriately for the weather conditions, especially on cool, 
rainy spring or fall days. The initial symptoms of 
delirium, and 


hypothermia are numbness, paleness, 
uncontrolled shivering. If the core temperature falls below 
32” C (90° F), the heart loses its ability to pump blood and 

will go into fibrillation (erratic contractions). If the victim is 
not warmed, extreme drowsiness, coma, and death follow. 


Cutaneous Absorption 


Because of the effective protective barriers of the integu- 
ment already described, cutaneous (through the skin) absorp- 
tion as limited. Some gases, such as oxygen and carbon 
dioxide, may pass through the skin and enter the blood- 
stream. Small amounts of UV light, necessary tor synthesis of 
vitamin LD, are absorbed readily. The skin ts no barrier to 
steroid hormones, such ay cortisol, and to fat-soluble vita- 
mins (A, D, E, and K). Of clinical consideration is the fact 
that certain toxins and pesticides enter the body through 


cutaneous absorption. 


pili Lo pus, hair 


(b) 


(a) A case of rickets in a child who lives in a village in Nepal, where the people reside in 
windowless huts. During the 5-to-6-month rainy season, the children are kept indoors. 
(b) A radiograph (X ray) of rickets in a 10-month-old child. Rickets develop from improper 
diets and also from lack of UV light that is needed to synthesize vitamin D. 


synthesis 


The integumentary system synthesizes melanin and keratin, 
which remain in the skin, and vitamin D, which is used else- 
where in the body. The integumentary cells contain a com- 
pound called dehydrocholesterol (de-hi “dro-ki-les ‘ta-rol), from 
which they synthesize vitamin D in the presence of UV light. 
Only small amounts of UV light are necessary for vitamin D 
synthesis, but these amounts are very important to a growing 
child (fig. 7.8). Synthesized vitamin D enters the blood and 
helps regulate the metabolism of calcium and phosphorus, 
which are important for development of strong and healthy 
bones. Rickets is a disease caused by vitamin D deficiency. 


densory Aeception 


Highly specialized sensory receptors (see chapter 18) that 
respond to thermal (heat and cold), mechanical (pressure, 
touch, and vibration), and noxious (pain) stimuli are locat- 
ed throughout the dermis and hypodermis of the integu- 
ment. These receptors, referred to ay cutaneous receptors, 
are abundant in the skin in parts of the face, the palms and 
fingers of the hands, the soles of the feet, and the venicalia. 
They are less abundant along the back and on the back of 
the neck and are sparse in the skin over joints, especially 
the elbow. Generally speaking, the thinner the skin, the 
greater the sensitivity. 
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Lommunication 


Humans are highly social animals, and the integument plays 
an important role in communication. Various emotions such 
as anger or embarrassment may be reflected in changes of 
skin color. The contraction of specific facial muscles pro- 
duces facial expressions that convey an array of emotions, 
including surprise, happiness, sadness, and despair. Secre- 
tions from certain integumentary glands frequently elicit 
subconscious responses from those that detect the odors. 


c 


nrnnm 


Epiderm 


al Derivatives 


Hair, nails, and integumentary glands form from the epidermal layer 
and are therefore of ectodermal derivation. Hair and nails are structural 
features of the mtegument and have a limited functional role. By 
contrast, integumentary glands are extremely important in body defense 


and the 


Hair 

Hair is characteristic of all mammals, but its distribution, 
function, density, and texture varies across mammalian 
species. Humans are relatively hairless, with only the scalp, 
face, pubis, and axilla being densely haired. Men and women 
have about the same amount of hair on their bodies, but it is 
generally more obvious on men due to male hormones (see 
chapters 19 and 28). Certain structures and regions of the 
body are hairless, such as the palms of the hands, soles of 
the feet, lips, nipples, penis, and labia minora. 


maintenance of homeostasis. 


- Hirsutism (her’soo-tiz”em) is a condition of excessive 
body and facial hair, especially in women. It may be 
a genetic expression or occur as the result of a 
metabolic disorder, usually endocrine in nature. 
Hirsutism occurs in some women as they experience 
hormonal changes during menopause (see chapter 29). 
Various treatments for hirsutism include hormonal injections 


and electrolysis to permanently destroy selected hair 
follicles. 


The primary function of hair is protection, even though 
its effectiveness is limited. Hair on the scalp and eyebrows 
protects against sunlight. The eyelashes and the hair in the 
nostrils protect against airborne particles. Hair on the scalp 
may also protect against mechanical injury. Some secondary 
functions of hair are to distinguish individuals and to serve 
as an ornamental sexual attractant. 

Each hair consists of a diagonally positioned shaft, 
root, and bulb (fig. 7.9). The shaft is the visible but dead 
portion of the hair projecting above the surface of the skin. 
The bulb is the enlarged base of the root within the hair 
follicle. Each hair develops from stratum basale cells within 


hirsutism: L. fursutus, shaggy 


the bulb of the hair, where nutrients are received from der- 
mal blood vessels. As the cells divide, they are pushed away 
from the nutrient supply toward the surface, and cellular 
death and keratinization occur. In a healthy person, hair 
grows at the rate of approximately | mm every 3 days. As 
the hair becomes longer, however, it goes through a resting 
period during which it is anchored in its follicle. 

The life span of a hair varies from 3 to 4 months for 
an eyelash to 3 to 4 years for a scalp hair. Each hair lost is 
replaced by a new hair that grows from the base of the folli- 
cle and pushes the old hair out. Between 10 and 100 hairs are 
lost each day through replacement. Baldness results when 
hair is lost and not replaced. This condition may be disease 
related, but it is generally inherited and most frequently 
occurs in males as a result of genetic influences combined 
with the action of the male sex hormone testosterone (tes- 
tos té-ron). No treatment is effective in reversing genetic 
baldness; however, flaps or plugs of skin containing healthy 
follicles from hairy parts of the body can be grafted to hair- 
less regions. 

Three layers can be observed in hair that is cut in cross 
section. An inner medulla (mé-dul a) is composed of loose- 
ly arranged cells separated by many air cells. The thick medi- 
an layer, called the cortex, consists of hardened, tightly 
packed cells. A cuticle layer covers the cortex and forms the 
toughened outer portion of the hair. Cells of the cuticle have 
serrated edges that give a hair a scaly appearance when 
observed under a dissecting scope. 


mercury, arsenic, or cadmium, will have 

concentrations of these metals in their hair that are 

10 times as great as those found in their blood or 
urine. Because of this, hair samples can be extremely 
important in certain diagnostic tests. 

Even evidence of certain metabolic diseases or nutritional 
deficiencies may be detected in hair samples. For example, 
the hair of children with cystic fibrosis will be deficient in 
calcium and display excessive sodium. There is a deficiency 
of zinc in the hair of malnounshed individuals. 


\ People exposed to heavy metals, such as lead, 


Hair color is determined by the type and amount of 
pigment produced in the stratum basale at the base of the 
hair follicle. Varying amounts of melanin produce hair rang- 
ing in color from blond to brunette to black; the more abun- 
dant the melanin, the darker the hair. A pigment with an 
iron base (trichosiderin) produces red hair. Gray and white 
hair is the result of a lack of pigment production and air 
spaces within the layers of the shaft of the hair and generally 
accompanies aging. The texture of hair is determined by the 
cross-sectional shape; straight hair is round in cross section, 
wavy hair is oval, and kinky hair is flat. 


medulla’ L. marrow 
cortex: L. bark 
cuticle L. cuticula, small skin 
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Dermal Hair Hair Hair 
papilla bulb follicle root 


FIGURE 7.9 


The structure of hair and the hair follicle. (a) A photomicrograph (63x) of the bulb and root of a hair within a hair follicle, 
(b) A scanning electron micrograph (280x) of a hair as it extends from a follicle. (¢) A diagram of hair, a hair follicle, a 
sebaceous gland, and an arrector pili muscle. . he : 


A sebaceous gland and an arrector pili muscle are 
attached to the hair follicle (see fig. 7.9¢). When the muscle 
involuntarily contracts due to thermal or psychological stim- 
uli, the hair follicle is pulled into an upright position, caus- 
ing the hair co “stand on end” and producing goose bumps. 

Humans have three distinct kinds of hair. 


] Lanuyo. Lanugo is a fine, silky fetal hair that appears during 
the last trimester of dev clopment. Lanugo ts usually not evident 
ona baby at birth unless it has been born prematurely. 


| Angora. Angora hair grows continuously in length, as on the 
scalp of males and females and on the face of males. 


es Definitive. Definitive hair grows toa certain length and then 
ceases to grow. Ttas the most common type of hair. Eyelashes, 


eyebrows, and pubic and axillary hair are examples. 


lanugo L /ana, wool 
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= Anthropologists have referred to humans as the 

“naked apes” because of our relative hairlessness 

The clothing that we wear over the exposed surface 

areas of our bodies functions to insulate and protect 
us, Just as hair or fur does in other mammals. However, the 
nakedness of our skin does lead to some problems. Skin 
cancer occurs frequently in humans, particularly in regions of 
the skin exposed to the sun. Acne, another problem unique to 
humans, is partly related to the fact that hair in the affected 
areas Is not sufficiently dense to dissipate the oily secretion 
from the sebaceous glands. 


Hails 


Nails are found on the distal dorsum of each of the fingers 
and toes. Both fingernails and toenails serve to protect the 
digits, and fingernails also aid in grasping and picking up 
small objects. Nails form from a hardened, transparent stra- 
tum corneum of the epidermis. The hardness of the nail is 
due to a dense, parallel arrangement of keratin fibrils 
between the cells. 
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Free border 


Eponychium 
Hidden border 


Matrix 


Developing bone 


FIGURE 7.10 
A photomicrograph of a fingertip from a neonatal human 
showing the nail and associated structures (3.5x). 


Each nail consist of a nail body, free border, and hid- 
den border (fig. 7.10). The platelike body of the nail rests on 
a nail bed, which is actually the stratum spinosum of the 
epidermis. The nail body and nail bed appear pinkish 
because of the underlying vascular tissue. The free border is 
the distal exposed border, which is attached to the under- 
surface by the hyponychium (hi po-ni‘’k@-um). The hidden 
border of the nail ts attached proximally. 

An eponychium (cuticle) covers the hidden border of 
the nail. The eponychium frequently splits, causing a hang- 
nail. The growth area of the nail is the nail matrix. A small 
part of the nail matrix, the lunula, is seen through the nail 
body as a white, half-moon-shaped area at the base of the 
nail. The nail grows by the transformation of the superficial 
cells of the nail matrix into nail cells. These harder, trans- 
parent cells are then pushed forward over the strata basale 
and spinosum of the nail bed. Fingernatls grow at the rate 
of approximately | mm per week. The growth rate of toe- 
nails is somewhat slower. 


4 The condition of nails can be an indication of a 
person's general health and indicative of his or her 
personality, Nails should appear pinkish, showing the 
nch vascular capillanes beneath the translucent nail 

A yellowish hue may indicate certain glandular dysfunchions 
or nutritional deficiencies. Split nails may also be caused by 
nutritional deficiencies. A prominent bluish tint may indicate 
improper oxygenation of the blood. Spoon nails (concave 
body) may be the result of iron-deficiency anemia, and 
‘clubbing’ at the base of the nail may be caused by lung 
cancer. Dirty or ragged nails may indicate poor personal 
hygiene, and chewed nails may suggest emotional problems. 


hyponychium Gk hypo, under. onyx nail 
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blands 


Although they originate in the epidermal layer and are 
formed of epithelial tissue, all of the glands of the skin are 
located in the dermus, where they receive physical support 
and nutritive sustenance. Glands of the skin are referred to 
as exverine since they excrete substances through ducts. The 
glands of the skin are of three basic types: sebaceous, sudorif- 
erous (soo ‘dor-if er-us), and ceruminous (sé-roo “mi-nus). 


Sebaceous Sebaceous, or oil, glands are associated with 
hair follicles, since they develop from the follicular epithe- 
lium of the hair. They are simple, branched glands that are 
connected to hair follicles, where they secrete sebum onto the 
shaft of the hair (fig. 7.11). Sebum, which consists mainly of 


Epidermis 
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Harr follicle 


Eccnine 


Apocrine 
sweal gland 


sweat gland 
FIGURE 7.11 
Types of skin glands 


lunula L /unula small moon 
sebum L sefurn tallow or grease 
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Both the ectodermal and 

mesodermal germ layers 
(see chapter 6) function in the formation 
of the structures of the integumentary 
system. The epidermis and the hair, 
glands, and nails of the skin develop from 
the ectodermal germ layer (figs. 1 and 2). 
The dermis develops from a thickened 
layer of undifferentiated mesoderm called 
mesenchyme (mez ‘en-him). 

By 6 weeks, the ectodermal layer has 
differentiated into an outer flattened 
periderm and an inner, cuboidal 
germinal (basal) layer in contact with 
the mesenchyme. The periderm 
eventually sloughs off, forming the 
vernix caseosa (ka “se-o sa), a cheeselike 
protective coat that covers the skin of the 
fetus. 


See R Deemer ere Heer eeeeeeeeeseeeeeEeeEe 


mesenchyme: Gk. mesos, middle; enchyma, infusion 
periderm: Gk. peri, around; derm, skin 
vernix caseosa: L. vernix, varnish; caseus, cheese 
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Development of the Integumentary System — 


a 


By 11 weeks, the mesenchymal cells 
below the germinal cells have 
differentiated into the distinct 
collagenous and elastic connective 
tissues fibers of the dermis. The tensile 
properties of these fibers cause a 
buckling of the epidermis and the 
formation of dermal papillae. During the 
early fetal period (about 10 weeks), 
specialized neural crest cells called 
melanoblasts migrate into the 
developing dermis and differentiate into 
melanocytes. The melanocytes soon 
migrate to the germinal layer of the 
epidermis, where they produce the 
pigment melanin, which colors the 
epidermis. 

Before hair can form, a hair follicle 
must be present. Each hair follicle begins 
to develop at about 12 weeks (fig. 2), as 
a mass of germinal cells, called a hair 
bud, proliferates into the underlying 
mesenchyme. As the hair bud becomes 


hee |S. 
- ; r 
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e« 


club-shaped, it is referred to as a hair 
bulb. The hair follicle, which physically 
supports and provides nourishment to 
the hair, is derived from specialized 
mesenchyme called the hair papilla, 
which is localized around the hair bulb, 
and from the epithelial cells of the hair 
bulb called the hair matrix. Continuous 
mitotic activity in the epithelial cells of 
the hair bulb results in the growth of the 
hair. 

Sebaceous glands and sweat glands 
are the two principal types of 
integumentary glands. Both develop from 
the germinal layer of the epidermis (fig. 
2). Sebaceous glands develop as 
proliferations from the sides of the 
developing hair follicle. Sweat glands 
become coiled as the secretory portion of 
the developing gland proliterates into the 
dermal mesenchyme. Mammary glands 
are modified sweat glancls that develop 
in the skin of the anterior thoracic region. 


lipids, is dispersed along the shaft of the hair to the surface 
of the skin, where it lubricates and waterproofs the stratum 
corneum layer and also prevents the hair from becoming 
brittle. If the drainage pathway for sebaceous glands becomes 
blocked for some reason, the glands may become infected, 
resulting im acne. Sex hormones regulate the production and 
secretion of sebum, and hyperactivity of sebaceous glands 
can result in serious acne problems, particularly during 
teenage years. 
Sudoriferous Sudoriterous, or sweat glands, secrete per- 
spiration, or sweat, onto the surface of the skin (fig. 7.11). 
Sweat glands are most numerous on the palms of the hands 


sudoriterous L sudorifer sweal. ferre to bear 


and soles of the feet, in the axillary and pubic regions, and 


on the forehead. They are coiled and tubular shaped and 
are of two types. 


] Ecerine (ck vin) sweat glands are widely distributed over the 
body, especially on the forehead, back, palms, and soles. These 
glands are formed before birth and function in evaporauve cooling 
In response to thermal or psychological stimuli 


2 Apocrine (ap “d-krm) sweat glands are much larger, localized 
glands found in axillary and pubic regions, where they secrete inte 
hair tollicles. Apocrine glands are not functional untl puberty, and 
their odoriferous sec rehon is thought to act as asexual attractant 


Perspiration is composed of water, salts, urea, uric acid, 
and traces of other elements. Perspiration is therefore valu 
able not only tor evaporative cooling but also for the exere- 
tion of certain wastes. 
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Mammary glands, found within the breasts, are spe- aq Good routine hygiene is very important for health 


cialized sudoriferous, or sweat, glands that secrete milk 
during lactation periods (see chapter 29). The breasts of 
the human female reach their greatest development during 
the childbearing years under the stimulus of pituitary and 


ovarian hormones. 


Ceruminous Glands) These highly specialized glands are 
found only in the external auditory canal (ear canal). They 
secrete cerumen (s@-rvo men), or earwax, which is a water 
and insect repellent, and which also keeps the tympanum 
(eardrum) from drying out. Excessive amounts of cerumen 


may interfere with hearing. 


cerumen. L. cera, wax 


and social reasons. Washing away the dried residue 

of perspiration and sebum eliminates dirt. Excessive 

bathing, however, can wash off the natural sebum 
and dry the skin, causing it to crack or itch. The commercial 
lotions used for dry skin are, for the most part, refined and 
perfumed lanolin, which is sebum from sheep. 


Clinical Considerations 


The skin is a buffer against the external environment and 
is therefore subject toa variety of disease-causing microor- 
ganisms and physical assaults. A few of the many diseases 
and disorders of the integumentary system are briefly dis- 
cussed here. 
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Chapter Seven 


*)° “c of the more common inflammatory skin disorders and their 
Inflammatory (Dermatitis) Conditions iin ae 


= lis suns nee na “roof infectious diseases of the skin, 
Inflammatory skin disorders are caused by immunologic There are also a number of infect 


hypersensitivity or infectious agents, Some people are aller- 
gic to certain foreign proteins and, because of this inherited 
predisposition, experience such hypersensitive reactions as 
asthma, hay fever, hives, drug and food allergies, and eczema. 
Eczema is characterized by redness, ching, and swollen vas- 
cular lesions that become dry, scaly, and crusted. Lesions, 
as applied to inflammatory conditions, are defined as more or 
less circumscribed pathologic changes in the tissue. Some candida); and mites (scabies). 


which is not surprising considering that we are highly soctal 
and communal animals. Most of these diseases can now be 
prevented, but too frequently people fail to take appropriate 
precautionary measures. Infectious diseases involving the 
skin include childhood viral infections (measles and chicken 
pox); bacteria, such as staphylococcus (impetigo); sexually 
transmitted diseases; leprosy; fungi (ringworm, athlete's foot, 
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FIGURE 7.12 


Common inflammatory skin disorders and their usual site of occurrence 
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Neoplasms 


Both benign and malignant neoplastic conditions or dis- 
eases are Common in the skin. Pigmented moles (nevi), for 
example, are a type of benign neoplastic growth of 
melanocytes. Dermal cysts and benign viral infections are 
also common. Warts are virally caused abnormal vrowths of 
tissue that occur frequently on the hands and feet. A differ- 
ent type of wart, called a venereal wart, occurs in the 
anogenital region of sexual partners. Both types of warts are 
fairly easy to treat by means of excision or various drugs. 
“Age spots” on elderly people, which appear as pigmented 
patches on the surface of the skin, are a benign growth of 
melanin-pigmented basale cells. Usually no treatment is 
required, unless for cosmetic purposes. 

Skin cancer (fig. 7.13) is the most common malignan- 
cy in the United States. Except for malignant melanomas, 
which arise from melanocytes, skin cancer is generally not 
life threatening. Excessive exposure to ultraviolet light from 
the sun is a known cause of skin cancer. The preferred treat- 
ment for this disease is complete surgical excision of the 
cancerous portion. 


Burns 


A burn is an epithelial injury caused by contact with ther- 
mal, radioactive, chemical, or electrical agents. Burns gen- 
erally occur on the skin, but they can involve the linings of 
the respiratory and digestive tracts. The extent and loca- 
tion of a burn ts frequently less important than the degree to 
which it disrupts body homeostasis. Burns that have a local 
effect (local tissue destruction) are not as serious as those 
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neoplasm Gk. neo, new, plasma, something formed 
benign. L. benignus, good-natured 
malignant: L. malignus. acting from malice 


FIGURE 7.13 


Skin cancer 


Neoplasms 
(melanoma) 


that have a systemic effect. Systemic effects directly or indi- 
rectly involve the entire body and are a threat to life. Pos- 
sible systemic effects include body dehydration, shock, 
reduced circulation, and bactertal infections. 

Burns are classified as first degree, second degree, and 
third degree based on their severity (fig. 7.14). In first- 
degree burns, the epidermal layers of the skin are damaged 
and symptoms are restricted to local effects such as red- 
Ness, pain, and edema (swelling). A shedding of the sur- 
face layers (desquamation) generally follows in a few days. 
A sunburn is an example. Second-degree burns involve 
both the epidermis and dermis. Blisters appear and recov- 
ery ts usually complete, although slow. Third-degree burns 
destroy the entire thickness of the skin and frequently some 
of the underlying connective tissue. The skin appears waxy 
or charred and is insensitive to touch. As a result, ulcer- 
ating wounds develop, and the body attempts to heal itself 
by forming scar tissue. Skin grafts are frequently used to 
assist recovery. 

Asa way of estimating the extent of damaged skin suf- 
fered in burned patients, the rule of nines (fig. 7.15) is often 
applied. The surface area of the body is divided into regions, 
each of which accounts for about 9% (ora multiple of 9%) 
of the total skin body surface. An estimation of the per- 
centage of surface area damaged is important in treating 
with intravenous fluid, which replaces the fluids lost from 
tissue damage. 


Frosthite 


Frostbite is a local destruction of the skin resulting from 
freezing. Like burns, frostbite is classified by its degree of 
severity: first degree, second degree, and third degree. In 
first-degree frostbite the skin will appear cyanotic (bluish) 
and swollen. Vesicle formation and hyperemia (engorge- 
ment with blood) are symptoms of second-degree frostbite. 
As the effected area is warmed, there will be further swelling, 
and the skin will redden and blister. In third- 
degree frostbite, there will be severe edema, 
some bleeding, and numbness, followed by 
intense throbbing pain and necrosis of the 
affected tissue. Gangrene will follow untreat- 
ed third-degree frostbite. 


hin bratts 


If extensive areas of the stratum basale of the 
epidermis are destroyed in second-degree or 
third-degree burns or frostbite, new skin can- 
not grow back. In order for this type of wound 
to heal, a skin graft must be performed. 

A skin graft is a segment of skin that has 
been excised from a donor site and transplanted 
to the recipient site, or graft bed. As mentioned 
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FIGURE 7.14 


The classification of burns. (a) First-degree burns involve the 
epidermis und are charactenzed by redness, pain, and edema— 
such as with a sunburn; (b) second-degree burns involve the 
epidermis and dermis and are characterized by intense pain, 
redness, and blistering; (c) third-degree burns destroy the entire 


skin and frequently expose the underlying organs. The skin is 
charred and numb and does not protect against fluid loss 
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FIGURE 7.15 


The extent of burns as estimated by the rule of nines. (a) Anterior 


and (b) posterior. 


in chapter 6, an autotransplant is the most successful graft. 
This type of transplant involves taking a thin sheet of 
healthy epidermis from a donor site of the burn or frostbite 
patient and moving it to the recipient site. A heterotrans- 
plant (between two different species) can serve as a tempo- 
rary treatment to prevent infection and fluid loss. 
Synthetic skin fabricated from animal tissue bonded 
to a silicone film may be used on a patient who is exten- 
sively burned. The process includes seeding the synthetic 
skin with basal skin cells obtained from healthy areas on the 
patient’s body. This technique and treatment eliminates the 
problems of skin grafting, such as additional trauma, wide- 
spread scarring, and rejection, as in the case of skin obtained 


from a cadaver. 


Wound Healing 


The skin effectively protects against many abrasions, but if 
a wound does occur, a sequential chain of events promotes 
rapid healing. The process of wound healing depends on 
the extent and severity of the injury. Trauma to the epi- 
dermal layers stimulates an increased mitotic activity in 
the stratum basale, whereas injuries that extend to the der- 
mis or subcutaneous tissue elicit activity throughout the 
hody as well as within the wound itself. General body 
responses include a temporary elevation of temperature 
and pulse rate. 

In an open wound (fig. 7.16), blood vessels are broken 
and bleeding occurs. Through the action of blood platelets 


Integumentary System 
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FIGURE 7.16 
The process of wound healing. (a) A penetrating wound into the 
ls. (b) Blood cells, fibrinogen, and 


fibrin flow out of the wound. (c) Vessels constrict and a clot blocks 


dermis ruptures blood ves: 


(plat letz) and protein molecules, called fibrinogen (fi-brin’6- 
jen), a clot forms and soon blocks the flow of blood and entry 
of pathogens. A seab forms and covers and protects the dam- 
aged area. Mechanisms are activated to destroy bacteria, dis- 
pose of dead or injured cells, and isolate the injured area. 
These responses are collectively referred to as mflammation 
and are characterized by redness, heat, edema, and pain. 
Inflammation is a response that confines the injury and pre- 
mores healing. 

The next step in healing is the differentiation of 
binding fibroblasts from connective tissue, forming fi- 
brin at the wound margins. Together with new branches 


Red blood cell 
White blood cell 


Clotted blood 


Constricted 
blood vessel 


Regenerated 
epidermal 
tissue 


the flow of blood. (d) A protective scab is formed from the clot, and 
granulation tissue forms within the site of the wound. (e) The scab 
sloughs off as the epidermal layers are regenerated 


from surrounding blood vessels, granulation tissue ts 
formed. Phagocytic cells migrate into the wound and ingest 
dead cells and foreien debris. Eventually the damaved area 
is repaired and the protective scab is sloughed off. 

If the wound is severe enough, the granulation tissue 
may develop into scar tissue. Scar tissue differs from nor- 


mal skin in that its collagenous fibers are more dense and it 


has no stratified squamous epidermal layer. Sear tissue has 
fewer blood vessels and may lick hair, glands, and sensory 
receptors, The closer together the edges of a wound, the less 
granulation tiysue develops and the less obvious a scar. This 
Isone reason for suturing a large break in the skin. 
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Aging 


As the skin ages, it becomes thin, dry, and inelastic. Collage- 
nous fibers in the dermis become thicker and less elastic, and 
the amount of adipose tissue in the hypodermis diminishes, 
making it thinner. Skinfold measurements indicate that the 
diminution of the hypodermis begins at about the age of 45. 


With a loss of elasticity and a reduction in the thickness of 


the hypodermis, wrinkling, or the permanent infolding of the 
skin, becomes apparent (fig. 7.17). 

During the aging of the skin, the number and activity 
of hair follicles, sweat glands, and sebaceous glands also 
diminish. Consequently, there is a marked thinning of scalp 
hair and hair on the extremities, reduced sweating, and 
decreased sebum production. Since elderly people cannot 
perspire as freely, they are more likely to complain of heat 
and are more subject to heat exhaustion than young people. 
They also become more sensitive to cold because of the loss 
of insulating adipose tissue and diminished circulation. A 
decrease in the production of sebum causes the skin to dry 
and crack frequently. 

The integument of an elderly person is not well pro- 
tected from the sun because of thinning, and melanocytes 
that produce melanin gradually atrophy. The loss of 
melanocytes accounts for graying of the hair and pallor of 
the skin. After the age of 50, brown, plaquelike growths, 
called seborrheic (seb d-re tk) hyperkeratoses, appear within 
the skin, particularly on exposed portions. Skin that has been 
exposed to excessive sunlight tends to develop more cuta- 
neous carcinomas than less exposed skin. 
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Important Clinical Terminology 


acne An inflammatory condition of 
sebaceous glands. Acne is affected by gonadal 
hormones and is therefore most common 
during puberty and adolescence. Pimples and 
blackheads on the face, chest, and back are 


expressions of this condition. 


albinism) A congenital, genetic deficiency 
of the pigment of the skin, hair, and eyes due 
toa metabolic block in the synthesis of 


melanin (fig. 7.18) 


alopecia Loss of hair; baldness. Baldness is 
usually due to genetic factors and cannot be 
treated. Baldness may signify anatomical 


THATUPILY 


athlete's foot (tinea pedis) A skin-fungus 


disease of the foot 


blister A collection of fluid between the 
i pide rims ind dermis caused by excessive 


frichion ora burn 
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FIGURE 7.18 


The albino individual in this photograph has melanocytes within his skin, but as a 


FIGURE 7.17 


Aging of the skin results in a loss of elasticity and the appearance 
of wrinkles. 


result of a mutant gene he lacks the ability to synthesize melanin 
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boil (furuncle) A localized bacterial 


Infection originating ina hair follicle or skin 
gland. 


carbuncle A bacterial infection similar to a 
boul, except that a carbunele infects the 


subcutaneous Tissues. 


cold sore (fever blister) A lesion on the lip 
or oral mucous membrane caused by type | 
herpes simplex virus (HSV), transmitted by 


oral of respiratory exposure. 


comedo A plug of sebum and epithelial 
debris in the hair follicle and excretory duct of 
the sebaceous gland; also called a blackhead or 


whitehead. 


corn A type of callus that is localized on the 


foot, usually over toe joints. 


dandruff Common dandruff is the continual 
shedding of epidermal cells of the scalp. 
Common dandruff can be removed by normal 
washing and brushing of the hau. Abnormal 
dandrutf may be caused by certain skin 


diseases, such as seborrhea or psoriasis. 


decubitus ulcer A bedsore—an exposed 
ulcer caused by a continual pressure that 
restricts dermal blood flow toa localized 


portion of che skin (see fig. 7.6). 


dermabrasion A procedure for removing 
tattoos or acne scars by high-speed sanding or 


scrubbing. 


dermatitis An inflammation of the skin. 


dermatology — A specialty of medicine 
concerned with the study of the skin—tts 
anatomy, physiology, histopathology, and the 
relationship of Cutaneous lesions to systemic 


disease. 


eczema (eg z@-ma) A noncontagtous 
inflammatory condition of the skin producing 
red, itching, vesicular lesions, which may be 
crusty or scaly. 


erythema (er “Ethe ma) Redness of the skin 
caused by vasodilation from skin injury, 
infection, or inflammation. 


furuncle A boil—a localized abscess 


resulting from an infected hair follicle. 


gangrene Necrosis of tissue due to the 
obstruction of blood flow. Ir may be localized 
or extensive and may secondarily be infected 
with anaerobic microorganisms. 


impetigo A contagious skin infection that 
results in lesions followed by scaly patches. It 
generally occurs on the face and is caused by 
staphylococci or streptococci. 


keratosis Any abnormal growth and 
hardening of the stratum corneum layer of the 
skin. 


melanoma A cancerous tumor originating 
from proliferating melanocytes within the 
epidermis of the skin. 


nevus (ne‘vus) A mole or birthmark—a 


congenital pigt 
the skin. 


nentation of a certain area of 


papilloma A benign epithelial neoplasm, 


such as a wartoracorn, 


papule A small inflamed elevation of the 


skin, such as a pimple. 


pruritus Itching. It may be symptomatic of 


systemic disorders but is generally due to dry 
skin. 

psoriasis (s6-r1 “aests) An inherited 
inflammatory skin disease, usually expressed as 


circular scaly patches of skin. 


pustule A small, localized pus-filled 
elevation (pimple) of the skin. 


seborrhea (seb“G-re@) A disease 
characterized by an excessive activity of the 
sebaceous glands and accompanied by oily skin 
and dandruff. 


urticaria (hives) A skin eruption of reddish 
weals, usually with extreme itching. It may be 
caused by an allergic reaction, stress, or 
contact with some external or internal 
precipitating factor. 


wart A roughened projection of epidermal 
cells caused by a virus. 
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Chapter summary 


The Integument as an Organ 
(p. 138) 

1. The skin is considered an organ because 
it consists of several kinds of tissues that 
are structurally arranged to function 
together 

2 The appearance of the skin Is clinically 
important because It provides clues to 
certain body conditions or dysfunctions 


Layers of the Integument (pp. 138-143) 


1 The stratified squamous epithelium of the 
epidermis is divisible into five structural 
and functional layers the stratum basale, 
stratum spinosum, stratum granulosum, 
stratum lucidum. and stratum corneum 
a Normal skin color is the result ofa 

combination of melanin and carotene 
in the epidermis and hemoglobin in 
the blood of the dermis and 
hypodermis 


b. Fingerprints on the surface of the 
epidermis are individually unique; 
flexion creases and flexion lines are 
acquired 

2. The thick dermis of the skin is composed 
of fibrous connective tissue interlaced 
with elastic fibers The two layers of the 
dermis are the upper papillary layer and 
the deeper reticular layer. 

3. The hypodermis, composed of adipose 
and fibrous connective tissue, binds the 
dermis to underlying organs. 


Physiology of the Integument 
(pp. 143-145) 


1. Structural features of the skin protect the 
body from disease and external injury 
a Keratin and an acidic oily secretion on 
the surface protect the skin from water 
and microorganisms 


b. Cornification of the skin protects 
against abrasion. 

Cc. Melanin is a barrier to UV light. 

2. The skin regulates body fluids and 
temperatures. 

a. Fluid loss is minimal due to 
keratinization and cornification. 

b. Temperature regulation is maintained 
by radiation, convection, and the 
antagonistic effects of sweating and 
shivering. 

3. The skin permits the absorption of UV 
light, respiratory gases, steroids, fat- 
soluble vitamins, and certain toxins and 
pesticides 

4. The integument synthesizes melanin and 
keratin, which remain in the skin, and 
vitamin D, which is used elsewhere in the 
body 
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Interactions of the Integumentary System 


ihe | System 
© Supports the skin 
© Stores minerals needed by the skin 
© Covers and protects skeletal system 
Be Synthesizes vitamin D necessary for calcium 
absorption and metabolism 


Muscular System 
- © Generates body heat to warm the skin 
© Covers and protects muscles 
© Permits radiant heat loss (sweating) during 
muscle contractions 


Nervous System 
a ey autonomic motor impulses to cutaneous 
, els and glands 
e Houses cutaneous (tactile) receptors that convey 
sensory sensations to the brain 


em 
jones cause changes in integumentary 
, axillary, and facial hair and 


° Covers and protects certain endocrine glands 


Circulatory System 

© Transports 0, and CO2, nutrients, and fluids to 
and from the skin 

© Protects circulatory system 

¢ Maintains constant body temperature 

© Prevents fluid loss (formation of scabs) 


with Other Body Systems 


Lymphatic System 

¢ Maintains a _ amount of interstitial fluid 
within the Z 

¢ Protects against pathogen invasion 

e Prevents edema (retention of interstitial fluid) 


Respiratory System 
¢ Provides 0, and eliminates CO, 
¢ Protects organs of upper respiratory tract 


Urinary System 

e Eliminates metabolic wastes 

© Activates vitamin D 

e Excretes salts and some nitrogenous wastes 


Digestive System 

¢ Provides nutrients for growth, maintenance, and 
repair of skin 

¢ Provides vitamin D necessary for calcium 
absorption 


Reproductive System 

¢ Gonads produce sex hormones that promote skin 
growth, maturation, and maintenance 

¢ Forms scrotum, which covers and protects testes 
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5. 


Sensory reception in the skin is provided 
through cutaneous receptors throughout 
the dermis and hypodermis. Cutaneous 
receptors respond to precise sensory 
stimuli and are more sensitive in thin 
skin. 

Certain emotions are reflected in changes 
in the skin. 


Epidermal Derivatives (pp. 145-149) 


1 


Hair is characteristic of all mammals, but 

its distribution, function, density, and 

texture varies across mammalian species. 

a. Each hair consists of a shaft, root, and 
bulb. The bulb is the enlarged base of 
the root within the hair follicle. 


2. 


b. The three layers of the hair shaft are 
the medulla, cortex, and cuticle. 

c. Lanugo, angora, and definitive are the 
three kinds of human hair. 

Hardened, keratinized nails are found on 

the distal dorsum of each digit, where 

they protect the digits; fingernails aid in 

grasping and picking up small objects. 

a. Each nail consists of a nail body, free 
border, and hidden border. 

b. The hyponychium, eponychium, and 
nail fold support the nail on the nail 
bed. 


Integumentary glands are exocrine, since 
they either secrete or excrete substances 
through ducts. 

a. Sebaceous glands secrete sebum onto 
the shaft of the hair 

b. The two types of sudoriferous (sweat) 
glands are eccrine and apocrine. 

c. Mammary glands are specialized 
sudoriferous glands that secrete milk 
during lactation. 

d. Ceruminous glands secrete cerumen 
(earwax). 


Review Activities 
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Objective Questions 


Hair, nails, integumentary glands, and the 
epidermis of the skin are derived from 
embryonic 

a. ectoderm. b. mesoderm. 

c. endoderm. d. mesenchyme. 

Spoon-shaped nails may result when a 

person has a dietary deficiency of 

a. Zinc. b. Iron. 

c. niacin. d. vitamin By. 

The epidermal layer not present in the 

thin skin of the face is the stratum 

a. granulosum. b. lucidum. 

c. spinosum d. corneum. 

Which of the following does not 

contribute to skin color? 

a. hair papillae b. melanin 

c. carotene d. hemoglobin 

Which of the following is noftrue of the 

epidermis? 

a. Itis composed of stratified squamous 
epithelium 

b. As the epidermal cells die, they 
undergo keratinization and 
cornification. 

c. Rapid mitotic activity (cell division) 
within the stratum corneum accounts 
for the thickness of this epidermal 
layer. 

d. In most areas of the body, the 
epidermis lacks blood vessels and 
nerves. 
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. Integumentary glands that empty their 
secretions into hair follicles are 
a. sebaceous glands. 

b. endocrine glands. 
c. eccrine glands. 
d. ceruminous glands. 

. Fetal hair that is present during the last 
trimester of development is referred to as 
a. angora. b. definitive. 

c. lanugo. d. replacement. 


. Which of these conditions is potentially 
life threatening? 
a. acne b. melanoma 
c. eczema d. seborrhea 


. The skin of a burn victim has been 
severely damaged through the epidermis 
and into the dermis. Integumentary 
regeneration will be slow, with some 
scarring, but it will be complete. Which 
kind of burn is this? 

a. first degree 
b. second degree 
c. third degree 


. The technical name for a blackhead or 
whitehead is 
a. carbuncle. b. melanoma. 
c. nevus. d. comedo. 


Essay Questions 


1 


10. 


List the functions of the skin. Which of 
these functions occurs passively due to 
the structure of the skin, and which 
occurs dynamically due to physiological 
processes? 

Why ts the skin considered an organ? 
What types of tissues are found in each of 
the three layers of the skin? 

Discuss the growth process and 
regeneration of the epidermis. 

What are some physical and chemical 
features of the skin that make it an 
effective protective organ? 

Define the following: lines of tension, 
friction ridges, and flexion lines. What 
Causes each of these to develop? 
Distinguish between a hair follicle anda 
hair. What other accessory structures are 
associated with hair follicles and hair? 
Compare and contrast the structure and 
function of sebaceous sudoriferous, 
Mammary, and ceruminous glands. 
Discuss the development of the skin and 
its associated hair and glands. What role 
do the ectoderm and mesoderm play in 
integumentary development? 


. Discuss what is meant by an 


inflammatory lesion. What are some 
frequent causes of skin lesions? 
Describe each of the three degrees of 
burns and discuss the physiological 
danger of burns. 
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and bone developmen 


Bey... 
‘objectives cocconecsbens sDEEBEMEDoceepeescnesce 
© Describe the structural organization of the skeletal 


system and list the bones of the axial and 
appendicular portions. 


Discuss the principal functions of the skeletal system 
and identify the body systems served by these 
functions. 


Classify bones according to their shapes and give an 
example of each type. 


Describe the various markings on the surfaces of 
bones. 


Describe the gross features of a typical long bone and 
list the functions of each feature. 


identify the five types of bone cells and list the 
functions of each. 


Distinguish between spongy and compact bone 
tissues. 


Describe the process of endochondral ossification as 
it relates to bone growth. 


Describe the relationships between bone and plasma 
calcium levels and the importance of maintaining 
normal blood calcium concentrations. 


Describe how parathyroid hormone and calcitonin 
secretions are regulated and how these hormones 
regulate the plasma calcium and phosphate 
concentrations. 


Explain how vitamin D functions as a prehormone and 
describe its effects on calcium and phosphate 
balance. 
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Urganization of the Skeletal System 


The axial and appendicular components of the skeletal system of an 
adult human consist of 206 individual bones arranged to form a strong, 
flexible body framework. 

Osteology is the science concerned with the study of bones. 
Each bone is an organ that plays a part in the total func- 
tioning of the skeletal system. The skeletal system of an adult 


of approximately 206 bones (fig. 8.1). 
of bones differs from person to per- 
son, depending on age and genetic variations. At Bi, the 
skeleton consists of approximately 270 bones. As further 
bone development (ossification) occurs during infancy, the 
number increases. During adolescence, however, the number 
of bones decreases, as separate bones gradually fuse. 


human is composed 
Actually, the number 


eccccccccccccccccnscesoscoscoscorlr® 


ossification: Gk. os, bone; L. facio, to make 
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FIGURE 8.1 
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Some adults have extra bones within the joints 
(sutures) of the skull called sutural (soo ‘cher-al) bones. Addi- 
tional bones may develop in tendons in response to stress 
as the tendons repeatedly move across a joint. Bones formed 
this way are called sesamoid (ses ‘&moid) bones. Sesamoid 
bones, like the sutural bones, vary in number. The patellae 
(kneecaps) are two sesamoid bones all people have 

For the convenience of study, the skeleton is divided 
into axial and appendicular portions. Anterior and posteri- 
or views of the skeleton are shown in figure 8.1. The divi- 
sions of the skeleton and the number of bones in each 
portion are listed in table 8.1. 

The axial skeleton consists of the bones that form the 
axis of the body and that support and protect the organs of 
the head, neck, and trunk. 


l Skull. The skull consists of two sets of bones: the crantal bones 
that form the cranium, or braincase, and the facial bones that 
support the eyes, nose, and jaws. 


POCO EHHH OEE EERE EE EEEEEE EEE 


sesamoid: Gk. sesamon, like a Sesame seed 


nae ae CON Sine 1a be ied FEROS 
AP - 


‘Table f. iis “Classification ¢ of ae 


rele: 


= Sa a ee 
Auditory ossicles—6 bones 


8 cranial bones 
frontal (1) 


malleus (2) 


incus (2) 
parietal (2) stapes (2) 
occipital (1) 
temporal (2) Hyoid—1 bone 
sphenoid (1) 


ethmoid (1) 


cervical vertebra (7) 
thoracic vertebra (12) 


lumbar vertebra (5) 


Vertebral column—26 bones 


2 Auditory ossicles. Three auditory ossicles are present in the 
middle-ear chamber of each ear and serve to transmit sound 
impulses. 


3 Hyoid bone. The hyoid (hi oid) bone is located above the 
larynx and below the lower jaw. It supports the tongue and assists 
in swallowing. 


4 Vertebral column. The vertebral column (backbone) consists 
of 26 individual bones (vertebrae) separated by cartilaginous 
imtervertebral discs. In the pelvic region, several vertebrae are fused 
to form the sacrum, which provides attachment for the pelvic 
girdle. A variable number of terminal vertebrae are fused to form 
the coccyx—the so-called tailbone. 


§ Rib cage. The rib cage, or thoracic cage, forms the bony and 
cartilaginous framework of the thorax. The rib cage articulates 


posteriorly with the thoracic vertebrae and includes the 12 pairs of 


ribs, the flattened sternum, and the costal cartilages that connect 
the ribs to the sternum on the anterior side. 


ossicle: L. ossicu/um, little bone 


Pectoral girdle—4 bones 
scapula (2) 
clavicle (2) 


Upper extremities—60 bones 


carpal bones (16) 


humerus (2) 
radius (2) 
ulna (2) phalanges (28) 
Pelvic girdle—2 bones 

os coxa (2) (each contains 3 fused bones) — 


sacrum (1) (5 fused bones) 


coccyx (1) (3-5 fused bones) 


Rib cage—25 bones 


Lower extremities—60 bones 


femur (2) 
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The appendicular skeleton is composed of the bones of 
the upper and lower extremities and the bony girdles, which 
anchor the appendages to the axial skeleton. 


] Pectoral girdle. The paired scapulae and clavicles constitute the 
pectoral girdle. It is nota complete girdle, having only an anterior 
attachment to the axial skeleton at the sternum via the clavicles. 
The primary function of the pectoral girdle is to provide 
attachment for the muscles that move the brachium and forearm. 


2 Upper extremities. Each upper extremity contains a proximal 
humerus within the brachium, an ulna and radius within the 


forearm, the carpal bones of the wrist, and the metacarpal bones and 
phalanges of the hand. 


3 Pelvic girdle. The pelvic girdle is formed by two ossa coxae 
(hipbones) united anteriorly by the symphysis (sim ‘fi-sis) pubis and 
posteriorly by the sacrum of the vertebral column. The pelvic 
girdle supports the weight of the body through the vertebral 
column and protects the lower viscera within the pelvic cavity. 


4 Lower extremities. Each lower extremity contains a proximal 
femur within the thigh, a ubia and fibula within the leg, the tarsal 
bones of the ankle, and the metatarsal bones and phalanges of the 
foot. In addition, the patella (pa-tel @) is located on the anterior 
surface of the knee joint between the thigh and leg. 


Functions of the okeletal oystem 


The bones of the skeleton perform the mechanical functions of support, 
protection, and leverage for body movement and the metabolic 


functions of hemopotests and mmeral storage. 


The strength of bone comes from its inorganic components, 
which resist decomposition even after death. Much of what 
we know of prehistoric animals, including humans, has 
been determined from preserved skeletal remains. Fre- 
quently when we think of bone, we think of a hard, dry 
structure. In fact, the term skeleton comes from a Greek 
word meaning “dried up.” Living bone is not a dry, inert 
material, however; it is dynamic and adaptable in per- 
forming many body functions, including support, protec- 
tion, leverage tor body movement, hemopoiesis, and 


mineral storage. 


] Support. The skeleton forms a rigid tramework to which are 


attached the softer tissues and organs of the body 


q Protection. The skull and vertebral column enclose the 
central nervous system, the nb cage protects the heart, lungs, great 
vessels, liver, and spleen; and the pelvic cavity supports and 
protects the pelvic viscera Even the site where blood cells are 


produced ts protected within the central portion of certain bones 


3 Body movement. Bones serve as anchoring attachments for 
most skeletal muscles. In this capacity, the bones act as levers, 
with the joints functioning as pivots, when muscles contract to 


cause body movement. 


4 Hemopoiesis (he ‘“mé-pot-e ‘sis). The red bone marrow of an 
adult produces white blood cells, red blood cells, and platelets. In 
an infant, the spleen and liver produce red blood cells, but as the 
bones mature, the bone marrow assumes the performance of this 
formidable task. It is estimated that an average of 1 million blood 
cells are produced every second by the bone marrow to replace 
those that are worn out and destroyed by the liver. 


5 Mineral storage. The inorganic matrix of bone ts composed 
primarily of the minerals calcium and phosphorus. These 
minerals give hone its rigidity and account for approximately 
two-thirds of the weight of bone. About 95% of the calcium 
and 90% of the phosphorus within the body are deposited in 
the bones and teeth. Although the concentration of these 
organic salts within the blood ts kept within narrow limits, 
both of these mineral salts are essential for other body 
functions. Calcium is necessary for muscle contraction, blood 
clotting, and the movement of ions and nutrients across cell 
membranes. Phosphorus is required for the activities of the 
nucleic acids DNA and RNA, as well as for ATP utilization. If 
mineral salts are not present in the diet in sufficient amounts, 
they may be withdrawn from the bones until they are 
replenished through proper nutrition. In addition to calcium 


and phosphorus, lesser amounts of magnesium and sodium salts 
are stored in bone tissue. 


In summary, the skeletal system is not an isolated 
body system. It functions with the muscle system since It 
stores the calcium needed for muscular contraction and 
provides an attachment for muscles as they span the mov- 
able joints. The skeletal system serves the circulatory sys- 
tem by producing blood cells in protected sites. Also, 
many of the vessels of the circulatory system are named 
according to the bones they parallel. The skeletal system 


supports and protects all of the systems of the body to 
varying degrees. 


ross atructure of Bone 


Each bone has a characteristic shape and diagnostic surface features 


that madwate its functional Telationship to other hones 


muscles, and to 
the body Stvucture asa whole 


The shape and surface features of each bone indicate its 
functional role in the skeleton (table 8.2). Bones that ate 
long, for example, function as levers during body move- 


ment. Bones that support the body are massive and have 
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\ Bone formation, or chondroblasts (kon ‘dro-blasts) and A smaller number of mesenchymal : 
ossitication, begins about develop a cartilage matrix that is later cells develop directly into bone without 
the fourth week of embryonic replaced by bone in a process known as first going through a cartilage stage. This 
development, but ossification centers endochondral (en ““d6-kon ‘dral) type of bone-formation process 1s 
cannot be readily observed until about ossification. Most of the skeleton is referred to as intramembranous (in “‘tra- 
the tenth week (fig. 1). Bone tissue formed in this fashion—first it goes mem ‘bra-nus) ossification. Facial bones 
derives from specialized migratory cells through a hyaline cartilage stage and and certain bones of the cranium are 
of mesoderm (see chapter 6) known as then it is ossified as bone. formed this way. Sesamoid bones are 
mesenchyme. Some of the embryonic specialized intramembranous bones that 
mesenchymal cells will transform into decenceesecdsratnceeewssccessesdscade develop in tendons. The patella is an 
chondroblast: Gk. chondros. cartilage; blastos, example of a sesamaid bone. 


offspring or germ 


Parietal bone Frontal bone 


Temporal! bone Zygomatic bone 


Nasal bone 
Maxilla 
Mandible 


Occipital bone 


Chondro- 
cranium Phalanges 
Metacarpal bones i 
tebr. 
pogenee Carpal bones 
| . 
Clavicle =e 
Scapula 
e Uina 
Humerus 
Femur 


Ribs 


Patella 
Fibula 
Tibia 


tum 
Sacrum 
Coccyx Phalanges 

Metatarsal bones j 
(a) Tarsal bones (b) 
FIGURE 1 ; 
Ossification centers of the skeleton of a 10-week-old fetus. cartilaginous portions of the skeleton are shown in gray. (b) The -~ 
(a) The diagram depicts endochondnal ossification in red and photograph shows the ossification centers stained with a red 4 
intramembranous ossification in a stippled pattern. The indicator dye. 4 
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Table Ae Surface features of bone 


‘Structure 


Description and example 


"Articulating Surfaces 


condyle A large, rounded, articulating knob (the re 


a 


A prominent, rounded, articulating end o 


(the head of the femur) 


ea 


ons and openings 


A deep pit or socket (the alveoli for te 
maxilla) 


i 


pe 


A narrow, slitlike opening (the super 
fissure of the sphenoid bone) 


A rounded opening through a bone ( 
magnum of the occipital bone) 


A flattened or shallow surface (the m 
fossa of the temporal bone) 


humerus) 


lating prominences 


A narrow, ridgelike projection (the iliac c 
the os coxa) 


A projection above a condyle (the m 
epicondyle of the femur) 


A sharp, slender process (the spit 
scapula) 


~ Asmall rounded process (the grea 
the humerus) 


facet: Fr. facette, little tace 
trochanter: Gk trochanter, runner 
tuberosity. L_ fuberosus, lump 


FIGURE 8.2 
Shapes of bones 


Irregular bone 


large articular surfaces and processes for muscle attachment. 
Roughened areas on these bones may serve for the attach- 
ment of ligaments, tendons, or muscles. A flattened surface 
provides a placement site for a large muscle or may provide 
protection. Grooves around an articular end of a bone are 
where tendons or nerves pass, and openings through a bone 
permit the passage of nerves or blood vessels. 


Shapes of Bones 


The bones of the skeleton are classified into four principal 
types on the basis of shape rather than size. The four classes 
are long bones, short bones, flat bones, and irregular bones 


(fig. 8.2). 


] Long bones. Long bones are longer than they are wide and 
function as levers. Most of the bones of the upper and lower 
extremities are of this type (e.g., the humerus, radius, ulna, 
metacarpal bones, femur, tibia, fibula, metatarsal bones, and 
phalanges). 


2 Short bones. Short bones (e.g., the wrist and ankle bones) are 


somewhat cube-shaped and are found in confined spaces, where 
they transfer forces. 


3 Flat bones. Flat bones (e.g., the cranium, ribs, and bones of the 
shoulder girdle) have a broad, dense surface for muscle atrachment 
or protection of underlying organs. 
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Suture 


Outer compact bone 


Inner compact bone 


FIGURE 8.3 ; $3 

A section through the skull showing diploe. Diploe is a « 
layer of spongy bone sandwiched between two surface ._ 
layers of compact bone. It is extremely strong yet light in > 
weight. . - ve: 5 et 


Bae eat RE ROS | 


4 Irregular bones. Irregular bones (¢-g., the vertebrae and 
certain bones of the skull) have varied shapes and many surface 


markings for muscle attachment or articulation. 


Gross Anatomy ofa Long Bone 


Bone (osseous) tissue is organized as spongy (cancellous) 
bone or compact (dense) bone, and most bones have both 
types. In a flat bone of the skull, for example, the spongy 
bone is sandwiched between the compact bone and is called 
a diploe (dip ‘lo-e) (fig. 8.3). Because of this protective lay- 
ering of bone tissue, a blow to the head may fracture the 
outer compact bone layer without harming the inner com- 


pact bone layer and the brain. 

Ina long bone trom an appendage, the bone shaft, or 
diaphysis (dt-af Testy), Consists of compact bone forming a 
cylinder that surrounds a central cavity called the medullary 
cavity (fi. 8.4). The medullary cavity ts lined with a thin 


weccccceseesecessessseseseseseseeese 


diploe Gk diplous. double 
diaphysis Gk dia. throughout, physis, growth 


Proximal epiphysis 


Spongy bone___ 
Compact bone 


Nutnent foramen 


Nutrient vessel 


Medullary cavity 
+ id ; 


| 
rt 


( Diaphysis ; 
} i 


Perforating eee 
E 


Periosteum 


Endosteum 


“ Epiphyseal line ~ pt 
es es) oe geet 
Distal epiphysis ey = ar net 
i Articular cartilage — 
‘ FIGURE 8.4 


, . Adiagram of a long bone shown in longitudinal section. 


layer of connective tissue called the endosteum (en-dos ‘te- 
um) and contains yellow bone marrow, so named because of 
the large amounts of fat it contains. On each end of the dia- 
physis is an epiphysis (¢-pif‘T-sis), consisting of cancellous 
bone surrounded by a layer of compact bone. Red bone mar- 
row is found within the porous chambers of spongy bone. 
In an adult, erythropoiesis, the production of red blood cells, 
occurs in the red bone marrow, especially that of the ster- 
num, vertebrae, portions of the ossa coxae, and the proxt- 
mal epiphyses of the femora and humert. The red bone 
marrow ts also responsible for the formation of white blood 
cells and platelets and for the phagocytosis of worn-out red 


epiphysis Gk. epi, upon, physis, growth 


Downloaded from Durr-e-Danish Library 


Skeletal System: Bone Tissue and Bone Development 


Chapter Eight 


blood cells. Articular cartilage, which is composed of thin 
hyaline cartilage, caps each epiphysis and facilitates joint 
movement. Along the diaphysis are nutrient foramina— 
small openings into the bone that allow for Passage of nutri- 
ent vessels into the bone for nourishment of the living tissue. 

Between the diaphysis and epiphysis is an epiphyseal 
(ep “V-fizc-al) plate of carulage—a region of mitotic activ- 
ity that is responsible for linear bone growth, As bone growth 
is completed, an epiphyseal line replaces the plate and ossi- 
fication occurs between the epiphysis and the diaphysis. A 
periosteum (per “e-os ‘te-1m) of dense regular connective tis- 
sue covers the surface of the bone, except at the articulating 
surfaces. This highly vascular layer serves asa place fora 
tendon-muscle attachment and is responsible for apposition- 
al (width) bone growth. The periosteum is secured to the 
bone by perforating (Sharpey’s) fibers (fig. 8.4) composed of 
bundles of collagenous fibers. 


a Fracture of a long bone in a young person may be 
especially serious if it results in displacement of an 
epiphyseal plate. If such an injury is untreated, or 
treated improperly, linear bone growth may be 

arrested or retarded, resulting in permanent shortening 
of the hmb. 


Bone tissue is composed of several types of bone cells embedded in a 


matrix of ground substance, morganic salts, and collagenous fibers. 
Bone cells and ground substance gwe bone flexibility and strength; the 
inorganic salts give uw hardness 


Bone bells 


The bone cells of which bone tissue is composed are of five 
principal types. Osteogenic (os “‘te-d-jen tk) cells are found in 
the bone tissues in contact with the endosteum and the 
periosteum. These cells respond to trauma, such as a frac- 
ture, by giving rise to bone-forming cells (osteoblasts) and 
bone-destroying cells (osteoclasts). Osteoblasts (os ‘te47-blasts) 
are hone-forming cells (fig. 8.5) that synthesize and secrete 
unmineralized ground substance. They are abundant in areas 
of high metabolism within bone, such as under the perios- 
reum and bordering the medullary cavity. Osteocytes (os ‘te- 
Sesttz) are mature bone cells (figs. 8.5 and 8.8) derived from 
osteoblasts that have secreted bone tissue around themselves. 
Osteocytes maintain healthy bone tissue by secreting 
enzymes and influencing bone mineral content. They also 
regulate the calcrum release from bone tissue to blood. 


PPYTTCUU TI 


periosteum Gk. per), around, osteon, bone 
Sharpey’s fibers. from William Sharpey Scottish physiologist and histologist, 


1802-80 
osteoblast’ Gk osteon, bone; blastos, offspring of gern 


Osteocyte 


Osteoblast 


(a) 


Osteocyte 


Osteoclast 


(b) 


FIGURE 8.5 
— { 

Types of bone cells. (a) Osteoblasts are important in secreting 

unmineralized ground substance. Osteocyte: 

osteoblasts and play a regulatory 


s derive from 

role In maintaining bone tissue 
(b) Osteoclasts are bone-destroying cells that help to maintain the 
dynamic state of bone tissue, 


Osteoclasts (0s te-d-klasts) are large, multinuclear cells (fig. 
8.5) that enzymatically break down bone tissue. These cells 
are important in bone growth, remodeling, and healing. 
Bone-lining cells are derived trom osteoblasts along the sur- 
face of most bones in the adult skeleton. These cells are 
thought to regulate the movement of caleum and phosphate 
into and out of bone matrix. 


osteoclast: Gk. osteon, bone, klastos, broken 
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External circumferential lamellae Venule 


Peniosteum 


Central canal Central 


Internal canal 
circumferential 
lamellae 


* 
<\ 


fers Canaliculi 


Trabeculae of 
spongy bone 


Central 
f Perforating canal 
(c) Blood vessels eanal (d) 
FIGURE 8.6 
Compact bone tissue. (a) A diagram of the femur showing a cut 
through the compact bone into the medullary cavity. (b) The 
arrangement of the osteons within the diaphysis of the bone. 


(c) An enlarged view of an osteon showing the osteocytes within 
lacunae and the concentric lamellae. (d) An osteocyte within a 
lacuna. 


Spongy and Compact Bone lissues 


Both spongy and compact bone tissues are present in most 
bones (fig. 8.6). Spongy bone tissue is deeply located com- 
pared to the compact bone tissue, and is quite porous. 
Minute spikes of bone tissue called trabeculae give spongy 
bone a latticelike appearance. Spongy bone is highly vascu- 
lar and provides great strength to bone with minimal weight. 

Compact bone tissue is superficial to the spongy bone 
tissue, and is very hard and dense. [t consists of precise 
arrangements of microscopic cylindrical structures oriented 
parallel to the long axis of the bone (fig. 8.6). These column- 
like structures are the osteons (haversian systems) of the 
bone tissue. The matrix of an osteon is laid down in con- 
centric rings, called lamellae, around a central (haversian) 
canal (fig. 8.7). The central canal contains minute nutrient 
vessels and a nerve. Osteocytes within spaces called lacu- 
nae (fig. 8.8) are regularly arranged between the lamellae. 
The lacunae are connected by canaliculi, through which 


haversian system: from Clopton Havers, English anatomist, 1650-1702 


nutrients diffuse. Metabolic activity within bone tissue 
occurs at the osteon level. Between osteons there are incom- 
plete remnants of osteons called interstitial systems. Per- 
forating (Volkmann's) canals penetrate compact bone 
connecting osteons with blood vessels and nerves. 


Bone Grow! 


The development of bone from embryonic to adult size depends on the 
orderly processes of mitotic divisions, growth, and the structural 
remodeling determined by genetics, hormonal secreuons, and 
nutritional supply. 


In most bone development, a cartilaginous model is gradu- 
ally replaced by bone tissue during endochondral bone for- 
mation. As the cartilage model grows, the chondrocytes 
(cartilage cells) in the center of the shaft hypertrophy, and 
minerals are deposited within the matrix in a process called 


Volkmann's canal: from Alfred Volkmann, German physiologist, 1800-1877 
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Bone tissue as seen in (a) a ; 


_ one another by a cangliculus (Ca). 


and Company. -_ ' 


=_— oe 


FIGURE 8.7 © 


scanning electron micrograph,and _ 
(b)a photomicrograph. The 
lacunae (La) provide spaces forthe __ 
osteocytes, which are connected to __ 


Note the divisions between — 
concentric lamellae (arrows), 
From: Tissues and Organs: A Text ~ 
Atlas of Scanning Electron. = 
Microscopy by R. G. Kessel and R.. 
Kardon. © 1979, W.H. Freeman ~ 


Osteocyte 


Canaliculi 


FIGURE 8.8 


4 


- Canaliculi 
Osteocyte 
~ within a lacuna 


— Central 
canal 


-Lamella Sit Lue) 


a2 4 


calcification (fig. 8.9). Calcification restricts the passage of 
nutrients to the chondrocytes, causing them to die. At the 
same time, some cells of the perichondrium (dense regular 
connective tissue surrounding cartilage) differentiate into 
osteoblasts (primordial bone cells) that secrete osteoid, the 


organic Component of bone. As the perichondrium calci- 


fies, it gives rise toa thin plate of compact bone called the 
periosteal bone collar. The Periosteal hone collar is sur- 
rounded by the periosteum, 


A periosteal bud, consisting of osteoblasts and blood 


vessels, invades the disintegrating center of the cartilage 


model from the periosteum. Once in the center, the 
osteoblasts secrete osteoid, thus establishing a primary ossi- 
fication center from which ossification expands into dete- 


norating cartilage. This process is repeated in both the 


proximal and distal epiphyses, forming secondary ossifica- 


tion centers where spongy bone develops. 


Once the secondary ossification centers are formed, 


hone Tissuc totally replaces cartilage Tissue, except at the 
articular ends of the bone and at the epiphyseal plates. An 


epiphyseal plate contains five histological zones (fig. 8.10). 
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The reserve zone borders the epiphysis and consists of small 
chondrocytes that are irregularly dispersed throughout the 
intercellular matrix. The chondrocytes in this zone anchor 
the epiphyseal plate to the bony epiphysis. The proliferating 
zone consists of larger, regularly arranged chondrocytes that 
are constantly dividing. The hypertrophic zone consists of 
very large chondrocytes, arranged in columns. The linear 
growth of long bones is due to the cellular proliferation at 
the proliferating zone and the growth and maturation of 
these new cells within the hypertrophic zone. The resorp- 
tion zone is the area in which mineral content is changing. 
The ossification zone is a region of transformation from car- 
tilage tissue to hone tissue. The chondrocytes within this 
zone die because the intercellular matrix surrounding them 
becomes calcified. Osteoclasts then break down the calci- 
fied matrix, and the area is invaded by osteoblasts and cap- 
illaries from the bone tissue of the diaphysis. As the 
osteoblasts mature, osteoid is secreted and bone tissue ts 
formed. The result of this process is a gradual increase in the 
length of bone at the epiphyseal plates. 


centers 


_ The process of endochondral ossification, begining with @ the cxrlogis 


Growth cartilage in 
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FIGURE 8.10 
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| Table Od Average age of camplenon of 


. ’ bone ossification | 
Bone Chronological 
age of fusion 
Scapula 18-20 
Clavicle 23-31 


The time at which epiphyseal plates ossify varies 

widely from bone to bone but generally it occurs 
.) between the ages of 18 and 20 within the long bones 

of most people (table 8.3). Because ossification of the 
epiphyseal cartilages within each bone occurs at predictable 
periods of development, the ages of people who are still 
growing can be determined by examining radiographs of 
their bones (fig. 8.11). Large discrepancies between bone age 
and chronological age may indicate a genetic or endocrine 
dysfunction 


Bone remodeling is a continual process throughout a 
person’s life. The diagnostic processes on the surface of bones 
develop as stress is applied to the periosteum, resulting in 
the osteoblastic secretion of osteoid and the formation of 
new bone tissue. The greater trochanter of the femur, for 
example, develops in response to forces of stress applied to 
the periosteum of the bone where the tendons of muscles 
attach. These processes may continue to change somewhat 
in people who engage in rigorous physical activity, even 
though they have stopped growing in height. 

As new bone layers are deposited on the outside sur- 
face of the bone, osteoclasts dissolve bone tissue adjacent 
to the medullary cavity. In this way, the size of the cavity 
keeps pace with the increased growth of the bone. 

Bone is highly dynamic and ts continually being 
remodeled in response to mechanical stress or even the 
absence of stress. The effect of the absence of stress can best 
be seen in the bones of bedridden or paralyzed individuals. 
Radiographic examination shows the loss of hone mass, or 
EVEN OSLCOIPOLOSts. The absence ot uUraVily that accompantes 
space flight may result in mineral loss from bones if an exer- 


Cise Program ts neat maimtaimned, 


@® 
Downloaded from Durr-e-Danish Library 


Diaphysis 


Epiphyseal 
plate 


Epiphysis 


Epiphyseal — ges 
plates 


FIGURE 8.11 
The presence of epiphyseal plates, as seen in a radiograph of a 
child's hand, indicates that bones are still growing in length. 


remodeling. The teeth sockets (alveoli) are reshaped 
through the activity of osteoclast and osteoblast cells 
as stress 1s applied through the application of braces. 


The use of traction in treating certain skeletal disorders has a 
similar effect. 


\ The movement of teeth in orthodontics involves bone 


A 


Physiology of Bone Tissue 


Bone deposition and bone resorption mamtain homeostasis of caletum 
and phosphate concentrations within the plasma of the blood. These 
processes are regulated by parathyroud hormone, 1, 25- 
dihydroxyvuamin D;, and calcitonin. 


One of the functions of the skeletal 


system is mineral storage, 
and bone tissue is 


highly dynamic in maintaining home- 
ostasis of calcium and phosphate concentrations. Calcium 
and phosphate are stored in bone 
drok “‘se-ap “1-t7t) crystals, which h 
(PO4)6 (OH)>. The calcium Phosphate in these hydroxyap- 


atite crystals ts derived from the blood by the 


as hydroxyapatite (hi- 
ave the formula Cayo 


: action of bone- 
forming cells, or osteoblasts (see fig. 8.5). The osteoblasts 
secrete an organic matrix, composed largely of collagenous 


fibers, which becomes hardened by deposits of hydroxyap- 


atite. This process is called bone deposition or ossification. 


Bone resorption (dissolution), produced by the action of 


osteoclasts, results in the return of bone calcium and phos- 
phate to the blood. 


z Table 8.4 Factors affecting 


znCe” Effect 


synthesis 


Stimulates resorption 
Stimulates resorption 


Stimulates deposition 


The formation and resorption of bone occur constant- 
ly at rates determined by a number of physiological factors 
(table 8.4). Body growth during the first two decades of life 
occurs because bone formation proceeds at a faster rate than 
bone resorption. By age 50 or 60, the rate of bone resorp- 
tion often exceeds the rate of bone deposition. The con- 
stant activity of osteoblasts and osteoclasts allows bone to 
be remodeled throughout life. 

Despite the changing rates of bone formation and 
resorption, the blood plasma concentrations of calcium and 
phosphate are maintained by hormonal control of the 
intestinal absorption and urinary excretion of these ions. 
These hormonal control mechanisms are very effective at 
maintaining the plasma calcium and phosphate concentra- 
tions within narrow limits. 

The maintenance of normal blood plasma calcium con- 
centrations is important because of the wide variety of effects 
that calcium has in the body. In addition to its role in bone 
formation, calcium is essential for muscle contraction (chap- 
ter 12), hormonal action (chapter 19), and maintenance of 
proper membrane permeability. An abnormally low blood 
plasma calcium concentration increases the permeability of 
the cell membranes to Na* and other ions. Hypocalcemia 
(low blood plasma calcium concentration) enhances the 
excitability of nerves and muscles and can result in muscle 
spasm (tetany). 


Parathyroid Hormone 


Whenever the blood plasma concentration of calcium ions 
begins to fall, the parathyroid glands are stimulated to secrete 
increased amounts of parathyroid hormone (PTH), which acts 


bone physiology 


Stimulates osteoblast activity and collagen 


Stimulate osteoblast activity, collagen synthesis, 
and formation of ossification centers 


to raise the blood Ca** back to normal 
levels. As might be predicted from this 
action of PTH, people who have their 
parathyroid glands removed will expe- 
rience hypocalcemia. This can cause 
severe muscle tetany (contraction) and 
serves as a dramatic reminder of the 
importance of PTH. 

Parathyroid hormone helps to raise 
the blood Ca** concentration primarily 
by stimulating the activity of osteoclasts 
to resorb bone. In addition, PTH stimu- 
lates the kidneys to retain blood Ca** 
while promoting PO, 3 (phosphate ion) 
excretion. This raises blood Ca** levels 
without promoting the deposition of cal- 
cium phosphate crystals in bone. Final- 
ly, PTH promotes the formation of 
1,25-dihydroxyvitamin D; (as described 
in the next section), and so it also helps 
to raise the blood calcium levels indi- 
rectly through the effects of this other hormone. 


1a5-Dshydronyvitamin Dy 


The production of 1,25-dihydroxyvitamin D3 begins in 
the skin, where vitamin D3 is produced from its precursor 
molecule (7-dehydrocholesterol) under the influence of 
sunlight. When the skin does not make sufficient vitamin 
D3 because of insufficient exposure to sunlight, this com- 
pound must be ingested in the diet—that is why it is called 
a vitamin. Whether this compound is secreted into the 
blood from the skin or enters the blood after being absorbed 
from the small intestine, vitamin Dj functions as a prehor- 
mone; thus, it must be chemically changed in order to be 
biologically active (see chapter 19). 

An enzyme in the liver adds a hydroxyl group (OH) to 
carbon 25, which converts vitamin Ds into 25-hydroxyvita- 
min D3. In order to be active, however, another hydroxyl 
group must be added to the first carbon. Hydroxylation of 
the first carbon is accomplished by an enzyme in the kidneys, 
which converts the molecule to 1,25-dihydroxyvitamin Dy 
(fig. 8.12). The activity of this enzyme in the kidneys ts stim- 
ulated by parathyroid hormone (fig. 8.13). Increased secretion 
of PTH, stimulated by low blood Ca**, is thus accompanied 
by the increased production of 1,25-dihydroxyvitamin D4. 

The hormone 1,25-dihydroxyvitamin D; helps to raise 
the blood plasma concentrations of calcium and phosphate 
by stimulating (1) the intestinal absorption of calcium and 
phosphate, (2) the resorption of bones, and (3) the renal 
reabsorption of calcium and phosphate so that less is 
excreted in the urine. Notice that 1,25-dihydroxyvitamin 
Dy, but not parathyroid hormone, directly stimulates 
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FIGURE 8.12 


[ees] ieee - = : The pathway for the production of the 
2 ; are hormone 1,25-dihydroxyvitamin D3. This 
; mm hormone is produced in the kidneys from 
. ae a i ie the inactive precursor, 25-hydroxyvitamin 
‘ D3 (formed in the liver). This latter 
, ictal molecule is produced from vitamin D3 
We ta secreted by the skin. 
—_—_—_—_—> | CH, 
HO 
HO 
7-Dehydrocholesterol Vitamin D3 Ems 


la-Hydroxylase 


} Plasma Ca** 


¢ Ja-Hydroxylase activity 


s  OtC=CS 


25-Hydroxy- 
vitamin Dy 
(from liver) 


f 1,25-Dinydroxy- 
vitamin Dy 


FIGURE 8.13 
A decrease in plasma Ca** directly stimulates the secretion of 
parathyroid hormone (PTH) The production of 1,25 


dihydroxyvitamin D, also nses when Ca** is low because PTH 
stimulates the final hydroxylation step in the formation of this 


compound tn the kidneys 


Blood 


25-Hydroxylase 


< 
wd) Pe’ 
Ra orm i ews 


intestinal absorption of calcium and phosphate. The effect 
of simultaneously raising the blood donvcewersiitad of Ca** 
and PO 4? results in the increased tendency of sliese ns 
tons to precipitate as hydroxyapatite crystals in bone, 
Since 1,25-dihydroxyvitamin D; directly stimulates 
bone resorption, it seems paradoxical that this hormone is 
needed for proper bone deposition and, in fact, that inade- 
quate amounts of 1,25-dihydroxyvitamin dD; aul in the 
bone demineralization of osteomalacia and acker This 
apparent paradox may be explained logically by sive fact 
that the primary function of 1;25-dihydroxeyitsnvin b, Is 
stimulation of intestinal Cat? and PO, ; ake tien When 
calcium intake 1s adequate, the mayor result * ] 5. lihy- 
droxyvitamin Dy action is the availability of Cat? aad roy 
In sufficient amounts to promote bone deposition. Only 
when calcium intake ts inadequate does the direct effect of 
1,25-dihydroxyvitamin Dy on bone resorption become siz’ 
nificant, acting to ensure proper blood Ca** levels. | 
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Negative Feedback Control of Calcium 
and Phosphate Balance 


The secretion of parathyroid hormone is controlled by the 
blood plasma calcium concentrations. Its secretion is stimu- 
lated by low-calctum concentrations and inhibited by high- 
calcium concentrations. Since parathyroid hormone stimulates 
the final hydroxylation step in the formation of 1,25- 
dihydroxyvitamin D3, arise in parathyroid hormone results in 
an increase in production of 1,25-dihydroxyvitamin Ds. Low 
blood calcium can thus be corrected by the effects of increased 
parathyroid hormone and 1,25-dihydroxyvitamin D3. 


Laleitonin 


Experiments in the 1960s revealed that high blood calcium 
in dogs may be lowered by a hormone secreted from the thy- 
roid gland. This hormone thus has an effect opposite to that 
of parathyroid hormone and 1,25-dihydroxyvitamin D3. The 
calcium-lowering hormone, called calcitonin, was found to 
be a 32-amino-acid polypeptide secreted by the thyroid gland 
(chapter 19). 

The secretion of calcitonin is stimulated by high 
blood plasma calcium levels and acts to lower calcium lev- 
els by (1) inhibiting the activity of osteoclasts, thus reduc- 
ing bone resorption, and (2) stimulating the urinary 
excretion of calcium and phosphate by inhibiting their 
reabsorption in the kidneys. 

Although it is attractive to think that calcium balance is 
regulated by the effects of antagonistic hormones, the signifi- 
cance of calcitonin in human physiology remains unclear. 
Patients who have had their thyroid gland surgically removed 
(as for thyroid cancer) are not hypercalcemic, as one would 
expect them to be if calcitonin were needed to lower blood 
calcium levels. The ability of very large, pharmacological doses 
of calcitonin to inhibit osteoclast activity and bone resorp- 
tion, however, ts clinically useful in the treatment of Paget's 
disease, in which osteoclast activity causes softening of bone. 


Considerations 


Bone iy a dynamic living tissue that is susceptible to hormon- 


clinica 


al or nutritional deticrency, diseases, and changes brought on 
by age. Since the development of bone ty genetically governed, 
congenital conditions are possible. The hardness of bone gives 
instreneth, yer at hicks the resthency to resist fracture af it 
undergoes excessive trauma. All ot these aspects of bone make 
for some important and interesting clinical considerations. 
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Pagel s disease from Sir James Paget, English surgeon. 1814-99 


Developmental Disorders 


Congenital malformations account for several types of 
skeletal deformities. Certain bones may fail to form dur- 
ing osteogenesis, or they may form abnormally. Cleft palate 
and cleft lip are malformations of the palate and face. Cleft 
palates vary in severity and seem to involve both genetic 
and environmental factors. Spina bifida (spina bif t-da) 
is a congenital defect of the vertebral column resulting 
from a failure of the laminae of the vertebrae to fuse, expos- 
ing the spinal cord. The lumbar area is mainly affected, 
and frequently only a single vertebra is involved. 


Mutritional and Hormonal Disorders 


Several bone disorders result from nutritional deficiencies or 
from excessive or deficient amounts of the hormones that reg- 
ulate bone development and growth. Vitamin D has a tremen- 
dous influence on proper bone structure and function. When 
there is a deficiency of this vitamin, the body ts unable to 
metabolize calcium and phosphorus. Vitamin D deficiency in 
children causes rickets. The bones of a child with rickets remain 
soft and are deformed from the weight of the body (see fig. 7.8). 

A vitamin D deficiency in the adult causes the bones to 
demineralize, or to give up stored calcium and phosphorus. 
This condition is called osteomalacia (os ‘‘te-o-ma-la‘shd). 
Osteomalacia is prevalent in women who have repeated 
pregnancies and poor diets and who experience relatively 
little exposure to sunlight. 

The consequences of endocrine disorders are described 
in chapter 19. Since the impact of hormones on bone devel- 
opment is great, however, a few endocrine disorders will be 
briefly mentioned here. Hypersecretion of the growth hor- 
mone from the pituitary gland leads to gigantism in young 
people, if ic starts before ossification of their epiphyseal 
plates, and to acromegaly (ak“‘ro-meg“a-le) in adults. 
Acromegaly is characterized by hypertrophy of the bones of 
the face, hands, and feet. By contrast, ina child, a hypose- 
cretion of the growth hormone can lead to dwarfism. 

Paget’s disease ts a disease of disorganized metabolic 
processes within bone. The activity of osteoblasts and 
osteoclasts becomes irregular, producing areas with thick- 
ened osseous deposits and other areas where too much bone 
is removed. The etiology of the disease is unknown, but it 
is arclatively common atfliction in people over the age of 
30, and it occurs more frequently in males than in fem 


Trauma and Injury 


There are a variety of types of trauma to the skeletal system, 

ranging trom myury to the he me itself to damage ot the joints 

in the form of sprains or dislocations. Fractures and the heal- 
‘ 


Ing of fractures are discussed in chapter 10; joint injuries are 
discussed in chapter 11. 


ales. 
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Neoplasms of Bone 


Malignant bone tumors are 
benign tumors. Pain is the 


Osseous Neoplasm 


three times more common than 


although benign tumors may not have 
associated pain, 

Two types of benign bone tumors are osteomas, which 
are the more frequent and which often involve the skull 
and osteoid osteomas, which 


; 
are paintul neoplasms of the 
long bones, usually in children. 

Osteogenic sarcoma is the most virulent type of bone 
cancer and frequently metastasizes through 
the blood to the lungs. This disease usually 
originates in the long bones and is accompa- 
nied by aching and persistent pain. 

A bone sean (fig. 8.14) is a diagnostic 
procedure frequently done on a person who 
has had a malignancy elsewhere in the body 
that may have metastasized to the bone. The 
patient receiving a bone scan may be inject- 
ed with a radioactive substance that accu- 
mulates more rapidly in malignant tissue than 6804 ANT 
normal tissue. Entire body radiographs show 
malignant bone areas as intensely dark dots. 


Aging of the sheletal system 


Senescence affects the skeletal system by 


In a bone scan, arthritis is 


decreasing skeletal mass and density and 


(a) 
FIGURE 8.15 
Scanning electron micrographs of : men 
{re e ( } na th 


usual symptom of either type of 


FIGURE 8.14 
A bone scan of the legs of a 
patient suffering from 

arthritis in the left 


depicted as a brighter image 
than a normal joint. 


increasing porosity and erosion (fig. 8.15). Bones become 
more brittle and susceptible to fracture. Articulating sur- 


faces also deteriorate, contributing to arthritic conditions, 


Arthritic diseases are second to heart disease as the most 
common debilitation in the elderly. 

Osteoporosis (0s ““te-o-p0-T0 ‘sis) is the most prevalent 
metabolic disorder of bone in elderly people. It ts charac. 
terized by marked demineralization, which weakens bone, 
The Calises of osteoporosis include aging, prolonged inac- 
tivity, malnutrition, and an unbalanced secretion of hor- 
mones. It is most Common in postmenopausal women. 
People with osteoporosis are prone to bone 
fracture, particularly at the pelvic girdle 
and vertebrae, as the bones become too 
brittle to support the body. Although there 
is no known cure for osteoporosis, it can 
be somewhat prevented in younger adults 
through proper diet, exercise, and good 
general health habits. Treatment of the 
disease in women through dietary calet- 
um, exercise, and estrogens (female sex 
S ontdeunts hormones) has had limited positive results. 

Distinct losses in height occur 
during middle and old ave. Between the 
ages of 50 and 55, there is a decrease of 
0.5-2 em (0.25-0.75 in.) because of 
hati compression and shrinkage of the inter- 
vertebral discs. Elderly individuals may 
suffer a further major loss of height 
because of osteoporosis. 
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Interactions of the Skeletal System 
with Other Body Systems 


Integumentary System 
© Supplies vitamin D for absorption of calcium and 
synthesis of vitamin D 
© Provides skin with physical support 
oan Muscular System 
; © Causes bones to move joints 
i © Partially responsible for bone shape and size 
____ © Provides attachment sites for muscles 
© Source of calcium for muscle contraction 


Nervous System 
e Sensory receptors provide sensations of pain 
~~ from bones and joints 


4 e ee central nervous system with bony 
casement 
¢ Source of calcium for neural function 


Endocrine System 
° Hor controls bone growth and 


eg glands in head and pelvis 

calcium for cardiac muscle contraction 

Circulatory System : 

¢ Transports 0, and CO2, nutrients, hormones, and 
fluids to and from the bones 


© Bone marrow produces blood cells 
© Source of calcium for cardiac muscle contraction 


$ 
PE cetances amount of interstitial fluid 
within bone tissue 


fe 


© Lymphocytes protect bone tissue following 
trauma 


e Bone marrow produces and stores lymphocytes 
and other cells of immune system 


Respiratory System 

e Provides 0, and eliminates CO, 

© Forms respiratory passageway through nasal 
ca 

¢ Protects lungs and aids in ventilation 


Urinary System 

e Eliminates metabolic wastes from bone tissue 

© Activates vitamin D 

© Provides organs of urinary system with physical 
support and protection 


Digestive System 

© Provides nutrients for growth, maintenance, and 
repair of bone tissue 

© Provides organs of GI tract with physical support 
and protection 

¢ Stores minerals 


Reproductive System 

¢ Gonads produce sex hormones that promote 
growth and development and maintain bone 
tissue 

© Provides organs of reproductive system with 
physical support and protection 
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Chapter oummary 


Organization of the Skeletal System 
(pp. 160-162) 


1. The axial skeleton consists of the skull, 
auditory ossicles, hyoid bone, vertebral 
column, and rib cage. 

2. The appendicular skeleton consists of the 
bones within the pectoral girdle, upper 
extremities, pelvic girdle, and lower 
extremities 


Functions of the Skeletal System 
(p. 162) 


1. The mechanical functions of bones 
include the support and protection of 
softer body tissues and organs; in 
addition, certain bones function as levers 
during body movement. 

2. The metabolic functions of bones include 
hemopoiesis and mineral storage. 


Gross Structure of Bone (pp. 162-166) 


1. Bone structure includes the shape and 
surface features of each bone, along with 
gross internal components. 

2. Structurally speaking, bones may be 
Classified as long, short, flat, or irregular. 


Chapter Eight 


3. The surface features of bones can be 
broadly classified into articulating 
surfaces, nonarticulating prominences, 
and depressions and openings. 

4. Atypical long bone has a diaphysis filled 
with marrow in the medullary cavity, 
epiphyses, epiphyseal plates for linear 
bone growth, and a covering of 
periosteum for appositional bone growth 
and the attachments of ligaments and 
tendons. 


Bone Tissue (pp. 166-167) 


1. The five types of bone cells are 
osteogenic cells, in contact with the 
endosteum and periosteum; osteoblasts 
(bone-forming cells); osteocytes (mature 
bone cells); osteoclasts (bone-destroying 
Cells); and bone-lining cells, along the 
surface of most bones. 

2. Compact bone consists of precise 
arrangements of osteons. The osteons 
contain osteocytes and lamellae. 


Bone Growth (pp. 167-170) 


1. Bone growth from embryonic to adult size 
is an orderly process determined by 
genetics, hormonal secretions, and 
nutritional supply. 


2. Most bones develop through 
endochondral ossification. 

3. Bone remodeling is a continual process 
that involves osteoclasts in bone 
resorption and osteoblasts in the 
formation of new bone tissue. 


Physiology of Bone Tissue 
(pp. 170-173) 


1. Bone tissue contains a reserve supply of 
calcium and phosphate for the blood in 
the form of hydroxyapatite crystals. 

2. Parathyroid hormone stimulates bone 
resorption and calcium reabsorption in 
the kidneys, and thus raises the blood 
calcium concentration. 

3. 1,25-dihydroxyvitamin D3 is derived from 
vitamin D by hydroxylation reactions in 
the liver and kidneys. 

4. Arise in parathyroid hormone, 
accompanied by the increased production 
of 1,25-dihydroxyvitamin D3, helps to 
maintain proper blood levels of calcium 
and phosphate in response to a fall in 
calcium levels. 

5. Calcitonin is secreted by the thyroid gland 
and lowers blood calcium by inhibiting 
bone resorption and stimulating the 
urinary excretion of calcium and 
phosphate. 


Heview Activities 


Objective Questions 


1. A bone is considered to be 
a. a tissue. 
b. acell 
c. anorgan. 
d. asystem. 
2. Which of the following statements Is 
false? 
a. Bones are important in the synthesis 
of vitamin D 
b. Bones and teeth contain about 95% of 
the body's calcium. 
c. Red bone marrow is the primary site 
for hemopoiesis 
d. Most bones develop through 
endochondral ossification 
3. Bone tissue derives from specialized 
migratory mesodermal cells called 
a. dermatomes 
b. mesenchyme 
c. myotomes 
d. somites 


4. Asa structural feature of certain bones, a 
fovea is 
a. arounded opening through a bone. 
b. asmall rounded process. 
c. adeep pit or socket. 
d. asmall pit or depression. 
5. The periosteum is secured to bone by 
a. the epiphyseal plate. 
b. perforating fibers. 
C. interosseous ligaments. 
d. diploe 
6. Columnlike structures within compact 
bone tissue are called 
a. osteons 
b. lamellae. 
c. lacunae. 
d. diaphyses 
7. Specialized bone cells that enzymatically 
reabsorb bone tissue are called 
a. osteoblasts. 
D. osteocytes. 
c. osteons 
d. osteoclasts. 


8. The increased intestinal absorption of 
Calcium is stimulated directly by 
a. parathyroid hormone. 
b. 1,25-dihydroxyvitamin D3. 
C. Calcitonin. 
d. all of the above. 
9. Arise in blood calcium levels directly 
stimulates 
a. parathyroid hormone secretion. 
bD. calcitonin secretion. 
C. 1,25-dihydroxyvitamin D3 formation 
d. all of the above. 

10. The bone disorder common in elderly 
people, particularly if they are subject to 
prolonged inactivity, malnutrition, or an 
unbalanced secretion of hormones. is 
a. OSteitis 
b. osteonecrosis. 

C. osteoporosis. 
d. osteomalacia. 
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Essay Questions 


1 


Distinguish between the axial skeleton 
and the appendicular skeleton. List the 
bones that compose the pectoral and 
pelvic girdles. 

Sketch a typical long bone. Label the 
diaphysis, epiphyses, articular cartilages, 
periosteum, and medullary cavity 

Define osteon. Sketch an osteon and label 
the osteocytes, lacunae, lamellae, central 
canal, and canaliculi. 


4. Describe how bones grow in length and in 


circumference. How are these processes 
similar and how do they differ? Explain 
how radiographs can be used to 
determine normal bone growth. 


. Describe the process of endochondral 


ossification of along bone. Why ts it 
important that a balance be maintained 
between osteoblast activity and osteoclast 
activity? 


Explain why a proper balance of vitamins, 


hormones. and minerals is essential in 
maintaining healthy bone tissue. Give 
examples of diseases or skeletal 
conditions that may occur if there Is an 
imbalance of any of these three essential 
substances. 


_ Why is vitamin D considered to be botha 


vitamin and a prehormone? Explain why 
people with osteoporosis might be helped 


by taking controlled amounts of vitamin D. 


77) 
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? Cranial Bones 


: Facial Bones 


? Development of the Skull 


= Vertebral Column 191 
General Structure of Vertebrae 
+ Regional Characteristics of Vertebrae 


= Aib Cage 198 


: Sternum 


: Ribs 
: Review Activities 201 


Objectives cosopenspapaecsonnmnnnsdiaelnananaa 

© Identify the cranial and facial bones of the skull and 
describe their structural characteristics. 

© Describe the location of each of the bones of the skull 


and identify the articulations that affix them to each 
other. 


© Identity the bones of the five regions of the vertebral 


column and describe the characteristic curves of each 
region. 


© Describe the structure of a typical vertebra. 
© Identity the parts of the rib cage and compare and 
contrast the 


various types of ribs. 
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The human skull, consisting of 8 cranial and 14 factal bones, contams 
several cavities that house the bram and sensory organs. Each bone of 
the skull articulates with the adjacent bones and has diagnostic and 
functional processes, surface features, and foramina. 


The skull consists of cranial bones and facial bones. The 8 
bones of the cranium join firmly with one another to enclose 
and protect the brain and associated sense organs. The 14 
facial bones form the framework for the facial region and 
support the teeth. The unique configuration of each human 
face is largely due to individual differences in the shape and 
density of the facial bones. With the exception of the bone 
within the lower jaw, the facial bones are also firmly inter- 
locked with one another and the cranial bones. 


Pee eee ere reeeeeeeseseseseseseseeseee 


cranium: Gk, kranion, skull 


Table $.1 major foramina 


PRON! Mi DPR EA + sn GR 
Be wen He Pi : ee > 
of the skull ~~ 


ae 


The skull has several cavities. The cranial cavity ts 
the largest, with a capacity of abour 1300-1 350 cc. The 
nasal cavity is formed by both cranial and facial bones and 
is partitioned into two chambers, or nasal fossae, by a nasal 
septum of bone and cartilage. Four sets of paranasal sinus- 
es are located within the bones surrounding the nasal area 
and communicate via ducts into the nasal cavity. Middle- 
and inner-ear cavities are positioned inferior to the cra- 
nial cavity and house the organs of hearing and balance. 
The two orbits for the eyeballs are formed by facial and 
cranial bones. The oral, or buccal, cavity (mouth), which 
is only partially formed by bone, is completely within the 
facial region. 

The bones of the skull contain numerous foramina to 
accommodate nerves, vessels, and other structures. A sum- 
mary of the foramina of the skull is presented in table 9.1. 
Figures 9.1 through 9.8 show various views of the skull. 
Radiographs of the skull are shown in figure 9.9. 


Stn arta tae ae eed 
ate yan * 4 Tie ONS ales 
PaO yt ris Py ods 


Structures transmitted 


Foramen Location 
Carotid canal Petrous part of temporal bone 
Greater palatine Palatine bone of hard palate 


Hypoglossal foramen/canal Anterolateral edge of occipital condyle 


Incisive 
Inferior orbital fissure 


Infraorbital Inferior to orbit in maxilla 


Between petrous part of temporal and occipital 
bones, posterior to carotid canal 


Occipital bone 


Medial surtace of ramus of mandible 


Lacrimal bone 

Cribriform plate of ethmoid bone 

Back of orbit in lesser wing of sphenoid bone 
Greater wing of sphenoid bone 

Within body of sphenoid bone 

Posterior angle of sphenoid bone 
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Anterior region of hard palate, posterior to incisor teeth 
Between maxilla and greater wing of sphenoid bone 


Between petrous part of temporal and sphenoid bones 
Posterior to greater palatine foramen in hard palate 


Below second premolar on lateral side of mandible 


Between styloid and mastoid processes of temporal bone 
Between greater and lesser wings of sphenoid bone 


Internal carotid artery and sympathetic nerves 
Greater palatine nerve and descending palatine vessels 

Hypoglossal nerve and branch of ascending pharyngeal artery 
Branches of descending palatine vessels and nasopalatine nerve = 


Maxillary nerve of trigeminal cranial nerve, zygomatic nerve, and 
infraorbital vessels ~~ 


Infraorbital nerve and artery 
Internal jugular vein; vagus, glossopharyngeal, and accessory nerves — 


Branch of ascending pharyngeal artery and internal carotid artery 


Lesser palatine nerves 


Union of medulla oblongata and spinal cord, meningeal membr: 7 ies ? 
and accessory nerves; vertebral and spinal arteries 


Inferior alveolar nerve and vessels 


Mental nerve and vessels 


Nasolacrimal (tear) duct 


Olfactory nerves 


Optic nerve and ophthalmic artery 


Mandibular nerve of trigeminal cranial nerve 


Maxillary nerve of trigeminal cranial nerve 


Middle meningeal vessels 
Facial nerve and stylomastoid artery 


Four cranial nerves (oculomotor, trochlear, ophthalmic ne 
trigeminal, and abducens : 


= 
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Frontal bone 


Coronal suture Parietal bone 


Optic canal 
Supraorbital foramen 


Supraorbital margin 
Temporal bone 


Lesser wing of sphenoid bone 
Superior orbital fissure 


Greater wing of sphenoid bone 
Lacrima! bone Orbital plate of ethmoid bone 


Nasal bone Inferior orbital fissure 


Zygomatic 

bone 

Perpendicular plate 
of ethmoid bone 


Orbital surface of maxilla 


Infraorbital foramen 


Inferior nasal concha 
Middle nasal concha 


of ethmoid bone 


omer 


Mental foramen 


FIGURE 9.1 


An anterior view of the skull. 


Coronal suture 


Parietal bone 
Frontal bone 


Lambdoidal suture Sphenoid bone 


Squamosal suture 
Ethmoid bone 


Temporal bone 
Lacrimal bone 


tal bone 
bahiadd Nasal bone 


Zygomatic bone 


External acoustic mealus 
Infraorbital foramen 


Mastoid process 
Maxilla 


Coronoid process 
Condyloid process of mandible 


Styloid process. 


Zygomatic process 
Mental foramen 


Mandibular notch 
Mandible 


FIGURE 9.2 


A jateral view of the skull 
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Premolar teeth 


Incisor teeth 
/ 7 7 


Canine tooth 


Molar teeth Incisive foramen 
Median palatine suture 
mn es 
Bag Palatine process of maxilla 
Sphenoid Palatine bone 
bone 


Greater palatine foramen 


Medial and lateral 
plerygoid processes 


Zygomatic process 


Vomer. 
Foramen ovale 


Mandibular fossa 


Foramen lacerum 


External acoustic meatus Carotid canal 


Styloid process Jugular fossa 


Stylomastoid foramen 
Mastoid process ‘ 


Foramen magnum 
Occipital condyle 


Mastoid foramen 
Temporal bone 


Parietal bone 
Condyloid canal 


Superior nuchal line 


Occipital bone 


External occipital protuberance 


Creek 


FIGURE 9.3 


An inferior view of the skull. 


Coronal suture. 


Parietal bone 


Skeletal System: Axial Skeleton 


Sphenoparietal suture 


Grooves for middle 
meningeal artery 


Greater wing of sphenoid bone 
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FIGURE 9.4 


A midsagittal view of the skull @® 
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FIGURE 9.5 


An inferolateral view of the skull 
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FIGURE 9.6 


The floor of the cranial cavity. 
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FIGURE 9.7 


A posterior view of a frontal (coronal) section of the skull. 
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FIGURE 9.8 


Bones of the orbit of the eye 


Downloaded from Durr-e-Danish Library 


Ethmoidal 
sinus 


Frontal 
sinus 


Maxillary 
sinus 


(a) (b) 


FIGURE 9.9 
Radhographs of the skull showing paranasal sinuses. (a) An 
anteroposterior view, and (b) a right lateral view. 


Chapter Nine 


Although the hyoid bone and the three paired audi- 
tory ossicles are not considered part of the skull, they are 
located within the axial skeleton and are described imme- 
diately following the discussion of the skull. 


Cranial Bones 


The cranial bones enclose the brain and consist of one 
frontal, two parietals, two temporals, one occipital, one sphe- 


noid, and one ethmoid. 


Frontal Bone = The frontal bone forms the anterior roof of 
the cranium, the forehead, the roof of the nasal cavity, and 
the superior arch of the bony orbits, which contain the eye- 
balls. The bones of the orbit are summarized in table 9.2. 
The frontal bone develops in two halves that grow together. 
Generally, they are completely fused by age 5 or 6, although 
a complete suture sometimes persists beyond age 6 and is 
referred to as a metopie (mé-top tk) suture. The supraor- 
bital margin is a prominent bony ridge over the orbit. Open- 
ings along this ridge, called supraorbital foramina, allow 
passage of small nerves and vessels. 

The frontal bone contains a frontal sinus, which is 
connected to the nasal cavity (fig. 9.9). This sinus, along 
with the other paranasal sinuses, lessens the weight of the 
skull and acts as a sound chamber for voice resonance. 


PPTTTTT TT 


metopic suture Gk. mefopon. forehead; L sulura, sev 


Frontal sinus 


Sphenoidal sinus 


Ethmoidal sinuses 


Maxillary sinus 


Table Gc ‘Bones ioraing ine one : 


Region ofthe orbit Ci t 


r (inferior) 
ral wall 


vall 


| wall 


Parietal Bone) = The coronal (ka-ro‘nal) suture separates 
the frontal bone from the parietals, and the sagittal (saj ‘-tal) 
suture along the superior midline separates the right and 
left parietals. The parietal hones form the upper sides and 
roof of the cranium (figs. 9.2 and 9.4). The inner concave 
surfaces of the parierals and other cranial bones are marked 
by shallow impressions from convolutions of the brain and 
vessels serving the brain. 


Temporal Bone The two temporal bones form the lower 
sides of the cranium (figs. 9.2, 9.3, 9.4, and 9.10). Each 
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External acoustic 
meatus 


Mastoid part 


Mastoid process. 


FIGURE 9.10 


The temporal bone. (a) A lateral view, and (b) a medial view. 


temporal bone is joined to its adjacent parietal bone by 
the squamosal (skwai-mo‘sal) suture. Structurally, each 
temporal bone has four parts. 


1 Squamous part. The squamous part ts the flattened plate of 
bone at the sides of the skull. Projecting forward 1s a zygomatic 
process that forms the posterior portion of the zygomatic arch. 
On the inferior surface of the squamous part is the mandibular 
fossa, which receives the articular condyle of the mandible. This 
articulation is referred to as the temporomandibular (tem “’pd-ro- 


man-dib ‘yit-lar) joint. 


2 Tympanic part. The tympanic part of the temporal bone contains 
the external acoustic meatus, or ear canal, located immediately 
postertor to the mandibular fossa. A thin, pomted styloid process 
(figs. 9.3 and 9.4) projects downward from the tympanic portion, 


3 Mastoid part. The mastoid process, a rounded projection 
posterior to the external acoustic meatus, accounts for the mass of 
the mastoid part. The mastoid foramen (fig. 9.3) 1s directly 
postertor to the mastoid process. The stylomastoid foramen, 
located between the mastoid and styloid processes (fig. 9.3), ts the 


passage for part of the facial nerve, 


zygomatic: Gk. zygoma, yolk 
Styloid: Gk. stylos, pillar 
mastoid: Gk. mastos, breast 
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Petrous part 


Squamous part 


Mandibular fossa 


Tympanic part 


Styloid process 


Internal acoustic meatus 


4 Petrous part. The petrous (pet Tus) part is viewed in figures 9.6 
and 9.10b. The structures of the middle and inner ear are housed 
in this dense, bony part of the temporal bone. The carotid (ca- 

rot td) canal and the jugular foramen border on the medial side of 
the petrous part. The carotid canal allows blood tnto the brain via 
the internal carotid artery and the jugular foramen lets blood drain 
from the brain via the internal jugular vein. Three cranial nerves 
also pass through the jugular foramen (see table 9.1). 


easily palpated as a bony knob immediately behind 

the earlobe. This process contains a number of small 

air-filled spaces called mastoid cells that are 
clinically important because they can become infected in 
mastoiditis. A tubular communication from the mastoid cells 
to the middle-ear cavity may permit prolonged ear infections 
to spread to this region. 


\ The mastoid process of the temporal bone can be 


Occipital Bone = The occipital bone forms the back and much 
of the base of the skull. It is fastened to the parietal bones by 
the lambdoidal suture (fig. 9.5). The foramen magnum is 
the large hole in the occipital bone through which the spinal 
cord attaches to the brain. On each lateral side of the fora- 
men magnum are the occipital condyles (fig. 9.3), which 


petrous: Gk. petra, rock 
magnum: L. magnum, great 
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articulate with the atlas of the vertebral column. At the 
anterolateral edge of the occipital condyle is the hypoglossal 
canal (fig. 9.4), through which the hypoglossal nerve passes. 
A condyloid (kon ‘di-loid) canal lies posterior to the occipital 
condyle (fig. 9.3). The external occipital protuberance is a 
pre minent posterior projection on the occipital hone that can 
be telt as a definite bump just under the skin. The superior 
nuchal (noo ‘kal) line is a ridge of bone extending laterally 
from the occipital protuberance to the mastoid part of the 
temporal bone. Sutural bones are small clusters of iregular- 
ly shaped bones that may be found between the joints of cer- 
tain cranial bones but that generally occur along the 
lambdoidal suture. 


Sphenoid Bone = The sphenoid (sfe noid) bone forms the 
anterior base of the cranium and can be viewed laterally and 
inferiorly (figs. 9.2 and 9.3). This bone resembles a butterfly 
with outstretched wings (fig. 9.11). It consists of a body with 
laterally projecting greater and lesser wings, which form part 
of the bony orbit. The body is a wedgelike central portion 
that contains the sphenoidal (sfe-nor‘dal) sinuses and a promi- 
nent depression called the sella turciea (sel @ tar’si-ka), which 
supports the pituitary gland. The sella turcica (meaning 
“Turk’'s saddle”) is seen on the floor of the cranium (figs. 9.4 
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nuchal: Fr. nuque, nape of neck 
sphenoid: Gk. sphenoeides, wedgelike 


Cerebral surface 
of greater wing 


Lateral pterygoid plate 


Medial pterygoid plate 


FIGURE 9.11 


The sphenoid bone. (a) A superior view, and (b) a posterior view. 


and 9.6). A pair of pterygoid (ter i-goid) processes (plates) 
project inferiorly from the sphenoid hone to help form the 
lateral walls of the nasal cavity. Several foramina (figs. 9.3, 
9.6, and 9.11) are located within the sphenoid bone. 


1 Optic canal. A large opening through the lesser wing into the 
back of the orbit for passage of the opuc nerve and the ophthalmic 
artery. 


2 Superior orbital fissure. A triangular opening between the 


wings of the sphenoid for passage of the ophthalmic nerve off of 


trigeminal cranial nerve and the oculomotor, trochlear, and 


abducens cranial nerves. 


3 Foramen ovale. An opening at the base of the lateral pterygoid 


plate, through which the mandibular nerve passes. 


4 Foramen spinosum. A small opening at the posterior angle of 
the sphenoid bone for passage of the middle meningeal vessels. 


5 Foramen lacerum (las‘er-um). An opening between the 
sphenoid bone and the petrous part of the temporal bone, through 
which the internal carotid artery and the meningeal branch of the 


ascending pharyngeal artery pass. 


6 Foramen rotundum. An opening located just posterior to the 
superior orbital fissure at the junction of the anterior and medial 
portions of the sphenoid bone. The maxillary nerve passes through 
this foramen. 


Lesser wing 


Greater wing 


Foramen rotundum 


Foramen ovale 
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Foramen rotundum 
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- Located on the inferior side of the cranium, the PET Ta EN Ty ey ee eae ae ee 
sphenoid bone would seemingly be well protected ' ) ie woe 
from trauma. Actually just the opposite is true, and in 
fact the sphenoid is the most frequently fractured 

bone of the cranium. It has several broad, thin, platelike 
extensions that are perforated and weakened by numerous 
foramina. A blow to almost any portion of the skull causes the 
buoyed, fluid-filled brain to rebound against the vulnerable 
sphenoid bone, often causing it to fracture 


Ethmoid Bone = The ethmoid bone is located in the ante- 
rior portion of the floor of the cranium between the orbits, 
where it forms the roof of the nasal cavity (figs. 9.4, 9.7, 
and 9.12). An inferior projection of the ethmoid bone, 
called the perpendicular plate, contributes in part to the 
nasal septum that separates the nasal cavity into two 
chambers, referred to as nasal fossae. A spine of the per- 
pendicular plate, the crista galli, projects superiorly into 
the cranial cavity and serves as an attachment for the 
meninges covering the brain. On both lateral walls of the 
nasal cavity are two scroll-shaped plates of the ethmoid 
bone called the superior and middle nasal conchae (fig. 
9.13). At right angles to the perpendicular plate, within 
the floor of the cranium, is the cribriform plate, which 


ethmoid: Gk ethmos, sieve 

crista galli. L. crista, crest; gall, cock's comb 
conchae: L. conchae, shells 

cribriform: L. cribrum, sieve; forma, like 
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FIGURE 9.13 


A lateral wall of the nasal cavity. 
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Table q3 Bones forming the nasal cavity 


Ethmoid bone (cribriform | 
frontal bone 


Maxilla; palatine bone 
Maxilla; palatine bone 


Ethmoid bone (perpendicular p 
vomer; nasal bone - 


has numerous perforations for the passage of olfactory 
nerves from the nasal cavity. The bones of the nasal cav- 
ity are summarized in table 9.3. 


cavity is susceptible to infections, particularly ifa 

person is not in good health. Infections of the nasal 

cavity can spread to several surrounding areas. The 
paranasal sinuses connect to the nasal cavity and are 
especially prone to infection. The eyes may become reddened 
and swollen during a nasal infection because of the 
connection of the nasolacrimal duct, through which tears 
drain from the orbit to the nasal cavity. Organisms may 
spread via the auditory tube from the nasopharynx to the 
middle ear. With prolonged nasal infections, organisms may 
even ascend to the meninges covering the brain, along the 
sheaths of the olfactory nerves, and through the cribriform 


plate, resulting in meningitis. 


\ The moist, warm vascular lining within the nasal 


Orbital surface 


FIGURE 9.14 


The maualla. (a) A lateral view. and (b) a medial view 
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Infraorbital foramen 


Nasal notch 


Facial Bones 


The 14 bones of the skull not in cont | 
called facial bones. These bones, together with certain cra- 
nial bones (frontal bone and portions of the ethmoid and 
le the basic shape of the face. Facial 


act with the brain are 


temporal bones), provic 


bones also support the teeth and provide attachments for 


various muscles that move the jaw and act to produce facial 
All the facial bones are paired except the vomer 


expressions. 4 
and mandible. The articulated facial bones can be seen in 


figures 9.1 through 9.8. 


Maxilla The two maxillae unite at the midline to form the 
upper jaw, which supports the upper teeth. Incisors (in- 
si’zorz), canines (cuspids), premolars, and molars are con- 
tained in sockets, or alveoli, within the alveolar (al-ve @-lar) 
process of the maxilla (fig. 9.14). The palatine process, a 
horizontal plate of the maxilla, forms the greater portion of 
the hard palate (pal it), or roof of the mouth. The incisive 
foramen (fig. 9.3) is located in the anterior region of the 
hard palate behind the incisor teeth. An infraorbital foramen 
is located under each orbit and serves as a passageway for the 
infraorbital nerve and artery to the nose (figs. 9.1, 9.2, 9.8, 
and 9.14). A final opening within the maxilla is the inferior 
orbital fissure. It is located berween the maxilla and the 
greater wing of the sphenoid bone (fig. 9.1) and is the exter- 
nal opening for the maxillary nerve and infraorbital vessels. 
The large maxillary sinus located within the maxilla is one 
of the four paranasal sinuses (figs. 9.7, 9.9, and 9.14b). 
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incisor L. incidere, to cut 
canine: L. canis. dog 

molar. L. mola, millstone 
alveolus: L. alveus, little cavity 


Lacrimal groove 


\ 


Maxillary sinus 


Nasal crest 


Greater palatine 
groove 


Palatine process Alveolar process 


If the two palatine processes fail to join during 

early prenatal development (about 12 weeks), 
y ; a cleft palate results. A cleft palate may be 

accompanied by a cleft lip (harelip) lateral to 
the midline. These conditions can be surgically treated 
with excellent results. Cleft palate is of immediate 
concern, however, because a newborn with this 
condition may have a difficult time swallowing while 
nursing, being unable to create the necessary suction 
within the oral cavity. 


Palatine Bone = The L-shaped palatine bones form the 
posterior third of the hard palate, a portion of the orbits, 
and a part of the nasal cavity. The horizontal plates of 
the palatines contribute to the formation of the hard 
palate (fig. 9.15). On the hard palate of each palatine 
bone is a large greater palatine foramen, which per- 
mits the passage of the greater palatine nerve and 
descending palatine vessels (fig. 9.3). Two or more 
smaller lesser palatine foramina are positioned posterior 
to the greater palatine foramen. Branches of the lesser 


Orbital process 


\ { Sphenopalatine 
; { SS ry notch 
Ethmoidal cres' : ‘ 
WS X : Sphenoidal 
> process 
Conchal crest : 
! Middle meatus 
4 
Inferior meatus 


Horizontal plate 


Pyramidal process 


= Oe 
palatine nerve pass through these openings. a ae heal ire a 
Zygomatic Bone) The two zygomatic bones form the za : 
cheekbones of the face. A posteriorly extending zygo- Hee Fy bear: ? 
matic process of this bone unites with that of the | Gly f’ eee 
temporal bone to form the zygomatic arch (figs. 9.3 | process” iahpee {\ Grbital sabe ; 
and 9.5). The zygomatic bone also forms the lateral © Seay Ee ae 5 Sphenopalatine 
margin of the orbit. A small zygomaticofacial (zi gd- i Seas notch — 
mat i-ko-fa‘shal) foramen, located on the anterolaty | > : } ; 
eral saree of this bone, allows passage of the Seal Reiss 
zygomatic nerves and vessels. : ; 
¢ Pyramidal | 
Lacrimal Bone) The small lacrimals (lak ‘ti-malz) are In Mey 
thin bones that form the anterior part of the medial wall > (b) Horizontal plate - 
of each orbit (fig. 9.8). Each has a lacrimal suleus— | FIGURE $ 5 a ug, | 
a groove that helps to form the nasolacrimal canal. This The slate bone tal R eAadinl view) Ths hyo petatina Bones 
opening permits the tears of the eye to drain into the \ viewed posteriorly. The two palatine bones form the posterior portion 
nasal cavity. _ of the hard palate. Fe ‘ Cop eee rd 


Nasal Bone) The small, rectangular nasal bones (fig. 
9.1) join in the midline to form the bridge of the nose. The 


nasal bones support the flexible cartilaginous plates, which 
are a part of the framework of the nose. Common facial 
injuries include fractures of the nasal bones or fragmenta- 


tion of the supporting cartilages. 


Inferior Nasal Concha) = The two inferior nasal conchae are 
fragile, scroll-like bones that project horizontally and medi- 
ally from the lateral walls of the nasal cavity (figs. 9.1 and 
9.7). They extend into the nasal cavity just below the supe- 
rior and middle nasal conchae, which are part of the eth- 
moid bone (fig. 9.12). The inferior nasal conchae are the 
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largest of the three conchae, and, like the other two, are 
covered with mucous membranes to warm, moisten, and 
cleanse inhaled air. 


Vomer The vomer (vo mer) is a thin, elongated bone that 
forms the lower part of the nasal septum (figs. 9.3, 9.4, and 
9.7). The vomer, along with the perpendicular plate of the 
ethmoid bone, supports the septal cartilage to complete the 
nasal septum. 


vomer. L. vomer, plowshare 
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FIGURE 9.16 


The mandible. (a) A lateral view, and (b) a posterior view. 


Mandible The mandible, or lower jawbone, is attached to 
the skull by a temporomandibular articulation, and is the 
only movable bone of the skull. Several muscles that close 
the jaw extend from the skull to the mandible (see chapter 
13). The mandible of an adult supports 16 teeth within alve- 
oli, which occlude with those of the maxilla. 

The horseshoe-shaped front and horizontal lateral 
sides of the mandible are referred to as the body (fig. 9.16). 
Extending vertically from the posterior part of the body 
are two rami (rami; singular, ramus). Each ramus has a 
knoblike condyloid process, which articulates with the 
mandibular fossa of the temporal bone, and a pointed coro- 
noid process for the attachment of the temporalis mus- 
cle. The depressed area between these two processes is the 
mandibular notch. The angle of the mandible is where 
the horizontal body and vertical ramus meet at the cor- 
ner of the jaw. 

Two sets of foramina are found on the mandible; the 
mental foramen on the lateral side below the first molar 


mandible L. mandere. to chew 

ramus L ranus, branch 

condyloid L condylus, knucklelike 
coronoid’ Gk korone, like a Crow's beak 


Coronoid process 


Mandibular foramen 


protuberance 


Condyloid process (head) 


Condyloid 
process 
(neck) 


Coronoid process 


Pterygoid 
tuberosily 


Mental spine 


and the mandibular foramen on the medial surface of the 
ramus. The mental nerve and vessels pass through the men- 
tal foramen and the inferior alveolar nerve and vessels are 
transmitted through the mandibular foramen. 


locate the nerves that traverse the foramina so that 
anesthetics can be injected. For example, the tigeminal 
cranial nerve is composed of three large nerves, the 
lower two of which convey sensations from the teeth, gums, and 
jaws. The mandibular teeth can be desensitized by an injection 
near the mandibular foramen called a third-division. or lower, 
nerve block. An injection near the foramen rotundum of the 
skull, called a second-division nerve block, desensitizes all the 
upper teeth on one side of the maxilla 


\ Dentists use bony landmarks of the facial region to 


A 


Hyoid Bone The U-shaped hyoid hone is located in the 
neck, just superior to the larynx (voice box): ‘The hyoid is 
unique in that it does nor attach directly to any achat bone 
but is suspended from the styloid Processes of the skull by the 
stylohyoid (sti “lo-hi oid) muscles and ligaments. The hyoid 
has a body, two lesser cornua extending anteriorly, and two 
greater cornua (fig. 9.17), which project posteriorly to the 


cornu’ L. cornu, horn 
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FIGURE 9.17 


An anterior view of the hyoid bone. 


stylohyoid ligaments. Several neck and tongue muscles 
attach to the hyoid bone. The hyoid may be palpated by 
placing a thumb and a finger on either side of the upper neck 
under the lateral portions of the mandible and firmly squeez- 
ing medially. 


Auditory Ossicles = Three small, paired auditory ossicles— 
the malleus, incus, and stapes—are located within the cav- 
ities of the middle ears in the petrous part of the temporal 
bones (fig. 9.18). These bones transfer and amplify sound 
impulses through the middle ear (see chapter 18). 


Vertebral Column 


The supporting vertebral colann consists of vertebrae, separated by 
fibrocarulagmous mtervertebral dises that lend flexibility and absorb the 
stress of movement. Vertebrae enclose and protect the spmal cord, 
support the skull and allow for ws movement, arucudate with the rub 
cage, and provide for the attachment of tumk muscles. 


Ce ve cccccceccccsccccncnsaccesceesece 
malleus. L. malleus, hammer 

incus: L. incus, anvil 

Stapes. L. stapes, stirrup 


Superior ligament \ 
of malleus 
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Tensor tympani muscle (cut) 
Anterior 
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oval window 
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window 
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FIGURE 9.18 


The three auditory ossicles within the cavity of the middle ear. 


The vertebral column is composed of 33 individual ver- 
tebrae. There are 7 cervical, 12 thoracic (thd-ras tk), 5 
lumbar, 5 fused sacral, and 4 or 5 fused coccygeal (kok-sij‘e- 
al) vertebrae; thus, the vertebral column is composed of a 
total of 26 movable parts. Vertebrae are separated by fibro- 
cartilaginous intervertebral discs and are secured to each 
other by interlocking processes and binding ligaments. This 
structural arrangement provides limited movements between 
vertebrae but extensive movements for the entire vertebral 
column. Between the vertebrae are openings called inter- 
vertebral (in “ter-ver ‘té-bral) foramina that permit passage of 
spinal nerves. 

Four curvatures of the vertebral column of an adult ean 
be wentified and viewed from the side (fig. 9.19). The cer- 
vical, thoracic, and lumbar curves are ientified by the type 
of vertebrae they include. The pelvie curve is formed by the 
shape of the sacrum and coceyx. The curves of the vertebral 
column play an important functional role in increasing the 
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Develop nent of t 


The formation of the 

skull is a complex 
Process that begins during the fourth 
week of embryonic development and 
continues well beyond the birth of the 
baby. Three factions are involved in the 
formation of the skull: the 
chondrocranium, the neurocranium, and 
the viscerocranium (fig. 1). The 
chondrocranium is the portion of the 
skull that undergoes endochondral 
ossification to form the bones supporting 
the brain. The neurocranium is the 
portion of the skull that develops 
through membranous ossification to 
form the bones covering the brain and 
facial region. The viscerocranium 
(splanchnocranium) is the portion that 
develops trom the embryonic visceral 
arches and forms the auditory ossicles, 
the hyoid bone, and specific processes 
of the skull. 

During fetal development and 
infancy, the bones of the neurocranium 
covering the brain are separated by 
fibrous sutures. There are also six large 
membranous “soft spots” of the skull that 
provide spaces between the developing 
bones (fig. 2). Because the baby’s pulse 
can be felt surging in these areas, they 
are called fontanels (fon” ta-nelz), 
meaning “little fountains.” They permit 
the skull to undergo changes of shape, 
called molding, during parturition 
(childbirth) and they also allow for rapid 
growth of the brain during infancy. 
Ossification of the fontanels is normally 


chondrocraniuny Gk. chondros, cartilage, kranion, skull 
viscerocraniuin: L. viscera soft parts; Gk. Aranion, skull 
fontanel. Fr. fontaine, little fountain 


omy 


ree, 


3. Anterolateral (sphenoidal) 
fontanels. The paired anterolateral 
fontanels are found on both sides of 
the skull, lateral to the anterior 
fontanel. 


complete by 20 to 24 months of age. A 
description of the six fontanels follows. 


1. Anterior (frontal) fontanel. The 
anterior fontanel is diamond-shaped 
and is the most prominent of the six. 
It is located on the anteromedian 4, Posterolateral (mastoid) fontanels. 
portion of the skull. The paired posterolateral fontanels 

are located on the posterolateral 


2. Posterior (occipital) fontanel. The tides oF te siaull, 


posterior fontanel is positioned at 

the back of the skull on the median A prominent sagittal suture extends the 

line. anteroposterior median length of the 
skull between the anterior and posterior 
fontanels. A coronal suture extends from 
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The embryonic skull at 12 weeks is composed of bony elements from three 
developmental sources: the chondrecranium (colored blue-gray), the neurocranium 
{colored light yellow), and the viscerocranium (colored salmon). 
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the anterior fontanel to the anterolateral suture connects the posterolateral parietal bone overlaps the other, with 
fontanel. A lambdoidal suture extends fontanel to the anterolateral fontanel. the depressed one against the 

trom the posterior fontanel to the During normal parturition, the promontory of the mother’s sacrum. If a 
posterolateral fontanel. A squamosal molding of the fetal skull is such that the baby ts born breech (buttocks first), 
deecvenaccsccccecccceccccccescesececes occipital bone is usually pressed under molding does not occur and delivery is 
lambdoidal: Gk. /ambda, letter 4 in Greek alphabet the two parietal bones. In addition, one more difficult. 
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FIGURE 2 PS 3 

The fetal skull showing the six . LA aie Posterior fontanel os 
fontane!s and the sutures. (a) Aright ute 8 Ress 

lateral view, and (b) a superior view. eg 


Occipital bone 


® 
Downloaded from Durr-e-Danish Library 


Chapter Nine 


® 
Downloaded from Durr-e-Danish, Library 


Ax Latias (C1) 


{ r / SNe Axis (C2) 
ae EN) 


Vertebrae 


Intervertebral 
forarmuna 


Sacrum__f 9” °\ 


rif 


/\ 
Y i. Pelvic 
\ \ curve 
Coccyx : 4 
Q 
Creek 
FIGURE 9.19 


The vertebral column of an adult has four curves named 
according to the region in which they occur. The vertebrae 
are separated by intervertebral discs in a structural 
arrangement that provides flexibility. 


strength and maintaining the balance of the upper part of 
the body; they also make possible a bipedal stance. 

The four vertebral curves are not present in a new. 
born. Instead, the vertebral column ts somewhat anteri- 
orly concave, and except for the cervical region, it remains 
this way even as an infant learns to crawl (fig. 9.20). The 
cervical curve begins to develop at about 3 months of age, 
as a baby begins holding up tts head, and the curve 
becomes more pronounced as the baby learns to sit up. 
The lumbar curve develops as a child begins to walk. The 
thoracic and pelvic curves are called primary curves 
because they retain the anteriorly concave shape of the 
fetus. The cervical and lumbar curves are called secondary 
curves because they are modifications of the fetal shape 
that develop as adaptions to weight bearing as an infant 
learns to sit up and walk. 

The vertebral column is commonly called the “back- 
bone,” and together with the spinal cord of the nervous sys- 
tem constitutes the spinal column. The vertebral column 
has three basic functions: 


l to support the head and upper extremities while permitting 
freedom of movement; 


2 to provide attachment for various muscles, ribs, and visceral 
structures; and 


3 to protect the spinal cord and permit passage of the spinal 
nerves. 


General Structure of Vertehrae 


Vertebrae show similarities in their general structure from 
one region to another. Figure 9.21 illustrates a typical ver- 
tebra. A vertebra is usually composed of an anterior drum- 
shaped body, adapted to withstand compression. The body 
is in contact with intervertebral discs on each end. The 
vertebral arch is affixed to the posterior surface of the 
body and is composed of two supporting pedicles and two 
arched laminae. The hollow space formed by the verte- 
bral arch and body is the vertebral foramen, through 
which the spinal cord Passes. Between the pedicles of adja- 
cent vertebrae are the intervertebral foramina, through 
which spinal nerves emerge as they branch off from the 
spinal cord. 

Seven processes arise from the vertebral arch: the 
spinous (spi nus) Process, (wo transverse Processes, (wo 
superior articular processes, and two inferior articulat 


pedicle L. pediculus, small foot 
lamina L. Jamina, thin layer 


FIGURE 9.20 


The development of the vertebral curves. An infant is born 
with the two primary curves but does not deve lop the 
secondary curves until it begins sitting upright and 
walking. (Note the differences in the curves between the 
sexes.) 
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Cervical vertebrae. (a) A radiograph of the cervi 
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Superior articular 
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Spinous 
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‘ - Intervertebral 
: . foramen 


disc 


a) Ws, 


processes (fig. 9.22). The first two processes serve for mus- 
cle attachment, and the latter two pairs limit twisting of 
the vertebral column. The spinous process protrudes pos- 
teriorly and inferiorly from the vertebral arch. The trans- 
verse process extends laterally from each side of a vertebra 
at the point where the lamina and pedicle join. The supe- 
rior articular processes of a vertebra have interlocking artic- 
ulations with the inferior articular processes of the adjacent 


superior vertebra. 


processes and their supporting vertebral laminae ina 
particular region of the vertebral column A 
” laminectomy may be performed to relieve pressure on 


\ A laminectomy is the surgical removal of the spinous 


the spinal cord or nerve root caused by a blood clot, a tumor, 
or a herniated disc. It may also be performed on a cadaver to 
expose the spinal cord and its surrounding meninges. 


Regional Characteristics of Vertebrae 


Cervical Vertebrae The seven cervical vertebrae form 
the flexible framework of the neck region and support the 
head. The bone tissue of cervical vertebrae 1s more dense 
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Thoracic vertebrae. (a) Representative vertebrae in aright 


than that found in the other vertebral regions, and, except 
for those in the coccygeal region, the cervical vertebrae 
are smallest. Cervical vertebrae are distinguished by the 
presence of a transverse foramen in the transverse process 
(fig. 9.21). The vertebral arteries pass through this opening 
as they transfer blood to the brain. The spinous processes of 
the second through the sixth cervical vertebrae are bifid 
(bifid), or notched, for the attachment of the strong nuchal 
ligament that attaches to the back of the skull for added 
support. 

The first cervical vertebra, the atlas, is adapted to artic- 
ulate with the occipital condyles of the skull while support 
ing the head. The atlas has concave superior articular 
surfaces to articulate with the oval-shaped occipital 
condyles. This joint permits the nodding of the head in a 
“yes” movement. The atlas lacks a body. It has a short, 
rounded spinous process called the posterior tubercle. 


atlas: from Gk. mythology, Atlas—the Titan who supported the heavens 
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FIGURE 9.23 
Lumbar vertebrae. (a) A radiograph, (b) a superior view, and 
(c) a right lateral view. 


The second cervical vertebra is called the axis and is 
easily identified by the presence of a peglike projection called 
the dens, or odontoid process. This process extends supe- 
riorly to provide a pivot for rotation with the atlas. The dens 
permits rotation, or the turning of the head to the side, as in 


a “no” movement. 


the cervical region. Muscle, bone, or ligament injury in 
this portion of the spinal column is relatively common 
slved in automobile and sports- 


\ "Whiplash" of the neck is a general term for injury to 


J] 


in individuals inve 
related accidents. Joint dislocation without vertebral fracture 
occurs commonly between the fourth and fifth or fifth and sixth 


ere mobility is greatest. Bilateral 


cervical vertebrae, 
dislocations are particularly dangerous because of the 
probability of sf inal cord injury. Compression fractures of the 
sodies of the first three cervical vertebrae are common and 
low abrupt forced flexion of the neck. Fractures of this type 
tuse of pinched spinal nerves 


f 


may be extremely painful bec 


axis’ L. axis, axle 
odontoid: Gk. odontos, tooth 
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Thoracic Vertebrae The thoracic vertebrae serve as 
attachments of the ribs to form the posterior anchor of the 
rib cage. Thoracic vertebrae are larger than cervical verte- 
brae and increase in size from superior (T1) to inferior (T12). 
Each thoracic vertebra has a long spinous process, which 


slopes obliquely downward, and fovea for articulation with 
the ribs (fig. 9.22). 


Lumbar Vertebrae The five lumbar vertebrae are easily 
identified by their heavy bodies and thick, blunt spinous 
processes (fig. 9.23) for attachment of powerful back muscles. 
They are the largest vertebrae of the vertebral column. Their 
articular processes are also distinctive in that the superior 
articular processes are directed medially instead of superi- 
orly and the inferior articular processes are directed lateral- 
ly instead of inferiorly. 


lumbar: L. Jumbus, loin 
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Base of sacrum 


<a 


Apex of sacrum 


(a) 
FIGURE 9.24 


The sacrum and coccyx. (a) An anterior view, and (b) a posterior view. 


Sacrum) The wedge-shaped sacrum (fig. 9.24) consists of 
four or five sacral vertebrae, which become fused after age 26. 
The sacrum is functionally adapted to provide a strong foun- 
dation for the pelvic girdle. The sacrum has an extensive 
auricular surface on each side for the formation of a semi- 
movable sacroiliac (sak “ro-il ‘e-ak) joint with the os coxa. A 
median sacral crest 1s formed along the posterior surface by 
the fusion of the spinous processes. Posterior sacral foram- 
ina on either lateral side of the crest allow the passage of 
nerves from the spinal cord. The sacral canal is the tubular 
cavity within the sacrum that is continuous with the verte- 
bral canal. Paired superior articular processes, which artic- 
ulate with the fifth lumbar vertebra, arise from the 
roughened sacral tuberosity along the posterior surface. 

The smooth anterior surface of the sacrum forms the 
posterior surface of the pelvic cavity. It has tour transverse 
lines denoting the fusion of the vertebral bodies. On both 
lareral sides of the transverse lines are the paired pelvic 
foramina (anterior sacral foramina). The superior border 
of the anterior surface of the sacrum, called the sacral 
promontory (prom‘on-tor “e), is an important obstetric land- 
mark for pelvic measurements. 


Coccyx § The coccyx (kok ’siks) is the so-called tailbone. It 
is composed of four or five fused coccygeal vertebrae, which 
form a triangular-shaped structure. The first vertebra of the 


sacrum: L sacris, sacred 
coccyx Gk. kokkyx, like a CuckOO S beak 
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fused coccyx has two long coceygeal cornua, which are 
attached by ligaments to the sacrum (fig. 9.24). Lateral to 
the cornua are the transverse processes. 

The regions of the vertebral column are summarized 


in table 9.4. 

Y on the coccyx, however, may cause a painful 
subperiosteal bruising, fracture, or fracture- 
dislocation of the sacrococcygeal joint. An especially difficult 

childbirth can even injure the coccyx of the mother 
Coccygeal trauma is painful and may require months to heal 


When a person sits, the coccyx flexes anteriorly 
somewhat, acting as a shock absorber, An abrupt fall 


The cone-shaped and flexible rib cage 
vertebrae, 12 paired ribs, 
encloses and protects the t 


consists of the thoracic 
costal cartilages, and the sternum. It 
horacic viscera and ts directly involved m 
the mechanics of breathing 


The sternum, ribs, costal cartil 
described thoracic vertebrae form the rib cage, or thoracic 
cage, of the thorax (fiz. 9.25). The nh cage ls anteroposteri- 
orly compressed and more Narrow superiorly ¢ 
It supports the pectoral girdle and uppe 
tects and supports the thoracic 


ages, and the previously 


han inferiorly. 
T extremities, pro- 


and upper abdominal viscera, 
and plays a mayor role in breathing (see fig. 3 1). Certain 


Downloaded from Durr-e-Danish Library 


Table qh Regions of the vertebral column 
| Region _ Number of bones Diagnostic features 
- Cervical 7 Transverse foramina: superior facets of 

— atlas articulate with occipital condyle; dens 
+ Of axis; spinous processes of third through 
fifth vertebrae are bifid 


12 Long spinous processes that slope obliquely 
inferiorly; fovea for articulation with ribs 


5 Large bodies; prominent transverse 
processes, short, thick spinous processe 


4 or 5 fused vertebrae 
7 2 


bones of the rib cage contain active sites in the bone mar- 
row for the production of red blood cells. 


process. On the lateral sides of the ster- 
num are costal notches where the 
costal cartilages attach. A jugular 
notch is formed at the superior end of 
the manubrium, and a clavicular (kla- 
vik ‘yi-lur) noteh for articulation with 
the clavicle is present on both lateral 
sides of the jugular notch. The 
manubrium articulates with the costal 
cartilages of the first and second ribs. 
The body of the sternum attaches to 
the costal cartilages of the second 
through the tenth ribs. The xiphoid 
process does not attach to ribs but is an 
attachment for abdominal muscles. The 
costal cartilages of the eighth, ninth, 
and tenth ribs fuse to form the costal 
margin of the rib cage. A costal angle is 
formed where the two costal margins 
come together at the xiphoid process. 


The sternal angle (angle of Louis) may be palpated as an 


elevation between the manubrium and body of the sternum 


dternum 


The sternum (breastbone) is an elongated, flattened bony 
plate consisting of three separate bones; the upper manubri- 


um, the central body, and the lower xiphoid (zi ‘foid) 
costal: L. costa, rib 
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Creek 
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FIGURE 9.25 
The rib cage. 
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sternum: Gk. sfernon, chest 
manubrium: L. manubnum, a handle 
xiphoid: Gk. xphos, sword 


at the level of the second rib (see fig. 9.25). The costal angle, 
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costal margins, and sternal angle are important surface land- 
marks of the thorax and abdomen. 


Abs 
There are twelve pairs of ribs, each pair being attached pos- 
teriorly to a thoracic vertebra. Anteriorly, the first seven 
pairs are anchored to the sternum by individual costal car- 
tilages and are called true ribs. The remaining five pairs 
(ribs 8, 9, 10, 11, and 12) are termed false ribs. Because the 
last two pairs of false ribs do not attach at all to the ster- 
num, they are referred to as floating ribs. The four floating 
ribs are embedded in the muscles of the body wall. 
Although the structure of ribs varies, each of the first 
ten pairs has a head and a tubercle for articulation with a 
vertebra. The last two have a head but no tubercle. In addi- 
tion, each of the twelve pairs has a neck, angle, and body 
(fig. 9.26). The head projects posteriorly 
and articulates with the body of a thoracic 


Articular surfaces 
of head of rib 


Costochonaral 
joint ey 


FIGURE 9.26 


The structure of a rib. 


vertebra (fig. 9.27). The tubercle ts a knoblike process, just 
lateral to the head. It articulates with the fovea on the trans- 
verse process of a thoracic vertebra. The neck is the con- 
stricted area between the head and the tubercle. The body is 
the main, curved part of the rib. Along the inner surface of 
the body is a depressed canal called the costal groove that 
costal vessels and nerve. Spaces between the 


rotects the | 
: spaces and are occupied by the 


ribs are called intercostal 


intercostal muscles. 
= Fractures of the ribs are relatively common injuries 
\ and most frequently occur between ribs 3 and 10. 
The first two pairs of ribs are protected by the 

clavicles, and the last two pairs move freely and 
will give with an impact. Little can be done to assist the 
healing of broken ribs other than binding them tightly to 
restrict movement. 
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Chapter summary 


Skull (pp. 179-191) 


1. The cranium encloses and protects the 
brain and provides for the attachment of 
muscles. 

a. Sutures are immovable joints between 
Cranial bones. 

b. The eight cranial bones include the 
frontal, parietals, temporals, Occipital, 
sphenoid, and ethmoid 

2. Facial bones form the basic shape of the 
face, support the teeth, and provide for 
the attachment of the facial muscles. 

a. The 14 facial bones are the nasals, 
maxillae, zygomatics, mandible, 


lacrimals, palatines, inferior nasal 
conchae, and vomer. 

b. The hyoid bone is located in the neck, 
between the mandible and the larynx. 

C. The three paired auditory ossicles 
(malleus, incus, and stapes) are 
located within the middle-ear 
chambers of the petrous part of the 
temporal bones. 


Vertebral Column (pp. 191-198) 


1. The vertebral column consists of seven 
cervical, twelve thoracic, five lumbar, four 
or five fused sacral, and four or five fused 
coccygeal vertebrae. 
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2. Cervical vertebrae have transverse 
foramina; thoracic vertebrae have fovea 
for articulation with ribs; lumbar 
vertebrae have heavy bodies, sacral 
vertebrae are triangularly fused and 
articulate with the pelvic girdle; and the 
coccygeal vertebrae form a small 
triangular bone. 


Rib Cage (pp. 198-200) 


1. The sternum consists of a manubrium, 
body, and xiphoid process. 

2. There are seven pairs of true ribs and five 
Pairs of false ribs. The inferior two pairs 
of false ribs (pairs 11 and 12) are called 
floating ribs. 
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Review Activities 


Objective Questions 


Match the following foramina to the correct 
bone in which it occurs. 


1. rotundum a. ethmoid bone 

2. mental b. occipital bone 

3. carotid canal c. sphenoid bone 
4. olfactory d. mandible 

5. magnum e. temporal bone 

6. With respect to the hard palate, which of 


the following statements is fa/se? 

a. The hard palate is composed of two 
maxillae and two palatine bones. 

b. The hard palate separates the oral 
cavity (mouth) from the nasal cavity. 

c. The mandible articulates with the 
posteriolateral angles of the hard 
palate. 

d. The median palatine suture, incisive 
fossae, and greater palatine foramina 
are structural features of the hard 
palate. 

7. The location of the sella turcica is 
immediately 

a. superior to the sphenoidal sinus. 

b. inferior to the frontal sinus. 

c. medial to the petrous part of the 
temporal bones. 

d. superior to the perpendicular plate of 
the ethmoid bone. 

8. Which is the most prominent of the six 
fontanels? 

a. anterior 

b. posterior 

Cc. anterolateral 

d. posterolateral 


9. The parietal bone articulates with the 
occipital bone at 
a. the coronal suture. 
b. the squamosal suture. 
c. the posterolateral suture. 
d. the lambdoidal suture. 
. Which of the following is nota cranial 
bone? 
a. sphenoid bone 
b. ethmoid bone 
c. vomer 
d. frontal bone 
11. Which of the following is not one of the 
four parts of the temporal bone? 
a. squamous part 
b. auricular part 
c. tympanic part 
d. petrous part 
e. mastoid part 
12. The mandibular fossa is located in which 
structural part of the temporal bone? 
a. squamous part 
b. auricular part 
c. tympanic part 
d. petrous part 
e. mastoid part 
13. The facial nerve passes through the 
foramen 
a. stylomastoid. 
b. ovale. 
c. magnum. 
d. spinosum. 
14. The crista galli is a structural feature of 
which bone? 
a. sphenoid bone 
b. ethmoid bone 


= 
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C. palatine bone 
d. temporal bone 
15. Thoracic vertebrae are distinguished by 
the presence of 
a. transverse foramina. 
b. bifid spinous processes. 
c. facets. 
d. auricular surfaces. 
16. The usual number of false ribs is 
a. two pairs. 
b. three pairs. 
Cc. five pairs. 
d. seven pairs. 


Essay Questions 


1. Describe the development of the skull. 
What are fontanels, where are they 
located, and what are their functions? 

2. List the bones of the skull that are paired. 
Which are unpaired? Identify the bones of 
the skull that can be palpated. 

3. Which facial bones contain foramina? 
What structures traverse these openings? 

4. List the bones that form the cranial cavity, 
the orbit, and the nasal cavity. Describe 
the location of the paranasal sinuses, the 
Mastoid sinus, and the inner-ear cavity. 

5. Describe the curvature of the vertebral 
column. What is meant by primary curves 
as Compared to secondary curves? 

6. List two or more characteristics by which 
vertebrae from each of the five regions of 
the vertebral column can be identified. 

7. Identify the bones that form the rib cage. 
What functional role do the bones and the 
costal cartilages have in respiration? 
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: Pecto © Describe the bones of the pectoral girdle and the 

: rs Arm) positions of articulations. 

3 Antebrachium (Forearm) © Identify the bones of the upper extremity and list the 
: Manus (Hand) diagnostic features of each bone. 

: . . - ‘ ' 

: Pelvic Girdle and Lower Extremity 209 nie eee one 
: Pelvic Girdle ¢ Describe how the male and female pelves differ 

: i structurally. 

: Pes (Foot) ° Identify the bones of the lower extremity and list the 
: Development of the Appendicular Skeleton diagnostic features of each bone. 

> Pin : : * Describe the structural featu d functions of the 
Clinical Considerations 216 ie 


; Developmental Disorders 
?” Trauma and Injury 


: Review Activities 222 


Downloaded from Durr-e-Danish Library 


Pectoral birdie and Unper tHtremitt 


The structure of the pectoral gle and upper extremities ts adaptive for 


freedom of movement and extensive muscle attachment 


Pectoral birdle 


The two scapulae and two clavicles make up the pectoral gir- 
dle (shoulder girdle). Iris nota complete girdle, having only 
an anterior attachment to the axial skeleton at the sternum. 
The primary function of the pectoral girdle is to provide 
attachment for the numerous muscles that move the brachi- 
um and antebrachium. The pectoral girdle ts not weight bear- 
ing and is therefore more delicate in structure than the pelvic 
girdle. 


Clavicle = The slender S-shaped clavicle (collarbone) binds 
the shoulder to the axial skeleton and positions the shoulder 
joint away from the trunk for freedom of movement. The 
articulation of the medial sternal extremity of the clavicle 
(fig. 10.1) and the manubrium is referred to as the ster- 
noclavicular jomt. The lateral acromial (4-kro‘me-al) extrem- 
ity of the clavicle articulates with the acromion of the 
scapula. This articulation is referred to as the acromioclav- 
icular joint. A conoid tubercle is present on the inferior sur- 
face of the lateral end, and a costal tuberosity is present on 
the inner surface of the medial end. Both processes serve as 
points of atrachment for ligaments. 


fractured bone in the body Blows to the shoulder or 
an attempt to break a fall with an outstretched hand 
cause the force to be displaced to the clavicle. The 
most vulnerable area for a fracture of this bone is through its 
center, :mmediately proximal to the conoid tubercle. Because 
the clavicle is subcutaneous and not covered with muscle, a 


4 \ The long, delicate clavicle 1s the most commonly 


J 


fracture can easily be palpated 


Scapula) The scapula (shoulder blade) is a large, triangular 
flat bone positioned on the posterior aspect of the rib cage, 
overlying ribs 2 to 7. The spine of the scapula ts a promi- 
nent diagonal bony ridge seen on the posterior surface (figs. 
10.2 and 10.3). Above the spine is the supraspinous 
(sou “pra-spe nus) fossa, and below the spine ty the infra- 
spinous fossa. The spine broadens toward the shoulder as 
the acromion (i-kro me-on), The acromion serves tor the 
attachment of several muscles as well as for articulation with 
the clavicle. Inferior to the acromion ts a shallow depres- 


Pee n emer een e saree eee eeeeeeeeeeeeee 
Clavicle L clavicula a small hey 

conoid tubercle Gk kones cone, L tuderculum, a small swelling 
scapula L scapula shoulder 

acromion Gk dkros peak amos. shoulder 


Acromial extremity Sternal extremity 


— Conoid tubercle 


a ~ 

(a) — 
Body of 
clavicle 


a 
y 
a 

\ 
| 


¥ > % “ — ee 
~, 
me _ 
“ 
— = 
~ : Conoid tubercle 
(b) Costal tuberosity 


FIGURE 10.1 


The right clavicle. (a) A superior view and (b) an inferior view. 


sion, the glenoid cavity, into which the head of the humerus 
fits. The coracoid process is a thick upward projection that 
hes superior and anterior to the glenotd cavity. On the ante- 
rior surface of the scapula is a slightly concave area known as 
the subscapular fossa. 

The scapula has three borders separated by three 
angles. The superior edge is called the superior border. The 
medial border is nearest to the vertebral column, positioned 
about 5 cm (2 in.) away. The lateral border ts directed 
toward the arm. The superior angle ts located between the 
superior and medial borders, the inferior angle 1s located 
between the medial and lateral borders, and the lateral angle 
is located between the superior and medial borders. It is at 
the lateral angle that the scapula articulates with the head of 
the humerus. Along the superior border, a distinct depression 
called the scapular notch serves as a passageway for a nerve. 


because some 15 muscles attach to its processes and 
fossae. Clinically, the pectoral girdle is significant 
because the clavicle and acromion of the scapula are 
frequently fractured in trying to break a fall. The acromion is 
palpated when locating the proper site for an intramuscular 
injection of the arm. This site 1s chosen because the 
musculature is quite thick and contains few nerves. 


Brachium (Upper Arm! 


The brachium extends from the shoulder to the elbow and 


3 \ It is important to know the anatomy of the scapula 


oA 


contains a single hone—the humerus. 


Humerus The humerus (fig. 10.4) is the longest hone of 
the upper extremity. It consists of a proximal head, which 


Peer eeeerere ere rrrrr ere re eee eee re ree 
glenoid Gk glenoeides, shallow form 
coracoid process Gk Aorakodes. like a crow’s beak 
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FIGURE 10.2 


The right scapula. (a) An anterior view and (b 


) a posterior view. 


Acromion 


Clavicle 
Coracoid process 
Head of humerus 


Scapula 


Greater tubercle 


Shaft of humerus 


FIGURE 10.3 
A radiograph of the left should 
scapula and humerus forming the shoulder joint 


ws the articulation of the 


articulates with the glenoid cavity of the scapula; a shaft 
(body); and a distal end, which ts modified ro articulate with 
the nwo bones of the forearm. Surrounding the margin of the 
head isa shvhtly indented groove denoting the anatomical 
neck. The region where the shate ot the humerus begins to 
taper ts referred to as the surgical neck, a frequent site of 
fractures. Lateral to the head tsa large eminence, the greater 
tubercle. The lesser tubercle is slightly antertor to the greater 


border 


Infraspinous fossa 
ee 


Lateral border 


and is separated from the greater by an intertubercular 
(bicipital) groove, through which the tendon from the biceps 
brachii muscle passes. 

Along the lateral midregion of the shaft is a roughened 
area, the deltoid tuberosity, for the attachment of the del- 
toid muscle. Small openings in the bone along the shaft are 
called nutrient foramina. 

The distal end of the humerus has two rounded condy- 
loid articular surfaces. The capitulum (ké-pich Ti-lum) is the 
lateral rounded condyle that articulates with the radius. The 
trochlea (trok‘le-@) of the humerus is the pulleylike medial 
surface that articulates with the ulna. On either side above 
the condyles are the lateral and medial epicondyles. The 
large medial epicondyle protects the ulnar nerve that pass- 
es posteriorly through a depression on the back of the elbow 
called the ulnar sulcus. The coronoid fossa is a depression 
above the trochlea on the anterior surface. The olecranon 
(o-lek ta-non) fossa is a depression on the distal posterior 
surtace. Both fossae are adapted to receive parts of the ulna 
during movement of the forearm. 


epicondylitis, which means an inflammation of the 


\ The medical term for tennis elbow is /ateral! 


issues surrounding the lateral epicondyle of the 
~ humerus. Six muscles that control backward 
deltoid tuberosity Gk. de/toeides. shaped hike the letter A 
capitulum L caput. little head 
trochlea Gk. frochilia, a pulley 
olecranon: Gk. o/ene, ulna, Aranion. head 
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FIGURE 10.4 
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(b) : 


The right humerus. (a) An anterior view and (b)a posterior view. | 


(extension) movement of the hand and fingers originate on 
the lateral epicondyle. Repeated strenuous contractions of 
these muscles, as in stroking with a tennis racket, may cause 
4 strain on the periosteum and tendinous muscle 
itachments, resulting in tenderness and pain around the 
epicondyle. Binding usually eases the pain, but only 

rest can eliminate the causative factor, and recovery 


generally follows 


Antebrachwm [forearm] 


The skeletal structures of the antebrachium are the ulna 
on the medial side and the radius on the lateral (thumb) 
side (figs. 10.5 and 10.6). The ulna is longer, and it is more 
firmly connected to the humerus than the radius. The 
radius, however, contributes more significantly at the wrist 
Joint than does the ulna. 


Ulna The proximal end of the ulna articulates with the 
humerus and radius. A distinct depression, the trochlear 
notch, articulates with the trochlea of the humerus. The 
coronoid process forms the anterior lp of the trochlear 
notch, and the olecranon forms the Posterior portion, or 
elbow (fig. 10.5). Lateral and inferior to the coronoid process 
is the radial notch, which accommodates the head of the 
radius. 

The tapered distal end of the ulna has a knobbed part 


the head, from which the styloid Process projects pos- 


' 


teromedially. The ulna articulates with the radius Proxi- 
mally and distally. 


styloid process: Gk. sfy/os, pillar: eidos, resemblance 
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FIGURE 10.5 


An anterior view of the right radius and ulna. 


Radius) The radius consists of a shaft (body) that has a 
small proximal end and a large distal end. A proximal dise- 
shaped head articulates with the capttulum of the humerus 
and the radial notch of the ulna. The prominent tuberosity 
of radius (radial tuberosity) for attachment of the biceps 
brachit muscle, ts on the anteromedial side of the shaft of 
the radius, just below the head. The distal end of the radius 
has a double-faceted surface tor articulation with the prox- 
imal carpal hones. The distal end of the radius also has the 
styloid process on the lateral tip and the ulnar noteh on 
the medial side that receives the distal end of the ulna. The 
styloid processes on the ulna and radius provide lateral and 
medial stability for articulation at the wrist. 


When a person falls, the natural tendency is to extend 

the hand to break the fall This reflexive movement 

frequently results in fractured bones. Common 

fractures of the radius include a fracture ol the head 
as itis driven forcefully against the capitulum, a fracture of 


@® 
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FIGURE 10.6 


A posterior view of the right radius and ulna. 


the neck, or a fracture of the distal end (Colles’ fracture) 
caused by landing on an outstretched hand. 

When falling, it is less traumatic to the body to withdraw 
the appendages, bend the knees, and let the entire body hit 
the surface. Athletes learn that this is the safest way to fall. 


Manus (Hand 


The hand contains 27 bones, constituting the carpus, 
metacarpus, and phalanges (figs. 10.7-10.9). 


Carpus The carpus, or wrist, consists of 8 carpal bones 
arranged in two transverse rows of 4 bones each. The proxt- 
mal row, naming from the lateral (thumb) to medial side, 
consists of the seaphoid (navicular) bone, lunate bone, 
carpus’ Gk karpos, wrist 


scaphoid. Gk skaphe, boal, eros, resemblance 
lunate L. /unare, crescent or moon shaped 
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FIGURE 10.7 


A posterior view of the skeleton of the right hand. (a) A drawing 
and (b)a photograph 
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FIGURE 10.8 


An anterior view of the skeleton of 


triquetrum (tri-kwe ‘mum) 
bone, and pisiform (pi ‘si- 
form) bone. The pisiform ‘2 ght hand 
bone forms ina tendon as a 
sesamoid bone. The distal 
row, trom lateral to medial, 
consists of the trapezium 
(greater multangular) bone, 
trapezoid (lesser multangu- 
lar) bone, capitate bone, 
and hamate (ham ‘at) bone. 
The scaphoid and lunate 


Phalanges 


bones of the proximal row 
articulate with the distal 
end of the radius. 


Metacarpal 


Metacarpus The meta- bones 


carpus, or palm of the hand 


} Distal phalanx 

* * 
\ Middle phalanx 

bal 

\ ~ : 

—, ~¥ al 

- ! “| 

Proximal phalanx 


WAG. g 
| oy 


/ Proximal phalanx 


Distal phalanx 


First metacarpal 


Is composed of five meta- JS vA ee 
carpal bones. Each meta- . if Trapezoid 
carpal bone consists of a Carpal Triquetrum | y ‘ Trapezium 
proximal base, a shaft bones Pisiflorm__»_" 
~Y Scaphoid 
(body), and a distal head Lunate 
Capitate 


that is rounded for articu- 
lation with the base of 
each proximal phalanx. 
The heads of the metacarpal bones are distally located and 
form the knuckles of a clenched fist. The metacarpal bones 
are numbered from | to V, the lateral, or thumb, side being I. 


Phalanges) The 14 phalanges are the skeletal elements of 
the digits. A single finger bone is called a phalanx (fa‘langks). 
The phalanges of the fingers are arranged tn a proximal row, 
a middle row, and a distal row. The thumb (pollex) has only 
a proximal and a distal phalanx. 

A summary of the bones of the upper extremities is 


presented in table 10.1. 


a 


The hand 1s a marvel of structural organization that, 
despite its complexity. can withstand considerable 
abuse Other than sprained fingers and dislocation, 
the most common skeletal injury is a fracture to the 
scaphoid bone of the wrist (about 70% of carpal fractures 


J 


occur here) When immobilizing the wrist joint with a plaster 
cast, the wrist 1s positioned in the plane of relaxed function 
This 1s the position in which the hand is about to grasp an 
object between the thumb and index finger 

wie bomsauenseeseceesehoesbotsers Se SbeUeneeene even seeeenseseess ees 
capitate’ L. capitatus, head 

hamate L fhamatus, hook 


triquetrum: Ls triquetrus, three cornered 
pisiform Gk prsos, pea 


trapezium Gk. frapeston, small table phalanx Gk phalanx, linger bone or toe bone 
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A radiograph of the nght wnst and hand 
anteroy 


shown inan 
slerior view. (Note the presence of a 
at the thumb joint.) 


sesamoid bone 
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Upper back, forming part of the shoulder 


Brachium, between scapula and elbow 


Medial side of forearm 


Lateral side of forearm 


The structure of the pelvic girdle and lower extremities is adaptive for 
support and locomotion. Extensive processes and surface features on 
certain bones of the pelvic girdle and lower extremities accommodate 
massive muscles for posture and locomotion. 


Pelvic birdle 


The pelvic girdle, or pelvis, is formed by two ossa coxae 
(hipbones) united anteriorly by the symphysis pubis (fig. 
10.10). It is attached posteriorly tothe sacrum of the ver- 
tebral column. The pelvic girdle and its associated ligaments 
support the weight of the body from the vertebral column. 
The pelvic girdle also supports and protects the lower vis- 
cera, including the urinary bladder, the reproductive organs, 
and in a pregnant woman, the developing fetus. 
Clinically, the basinlike pelvis is frequently divided 
into a “greater,” or “false,” pelvis and a “lesser,” or “true,” 
pelvis (see fig. 10.14). These two components are divided 
by the pelvic brim, a curved bony rim passing inferiorly from 
the sacral promontory to the upper margin of the symphysis 
pubis. The greater pelvis is the expanded portion of the 
pelvis superior to the pelvic brim. The pelvic brim not only 


divides the two portions but surrounds the pelvic inlet of 


the lesser pelvis. The lower circumference of the lesser pelvis 


eee ee eee ee ee eee Pee eee 


coxae L. coxae. hips 
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bounds the pelvic outlet. During parturition, a child must 
pass through its mother's lesser pelvis for a natural delivery. 
Pelvimetry measures the dimension of the lesser pelvis to 
determine whether a cesarean delivery might be necessary. 
Diameters may be determined by vaginal palpation or by 
radiographic measurements (fig. 10.11). 

Each os coxa actually consists of three separate bones: 
the illium, the ischium (is ke-um), and the pubis (figs. 
10.12 and 10.13). These bones are fused together in the 
adult. On the lateral surface of the os coxa where the three 
hones ossify together is a large circular depression, the 
acetabulum (as ““8-tab ‘yit-lum), which receives the head of 
the femur. Although each os coxa is a single bone in the 
adult, the three components are considered separately for 
descriptive purposes. 


ium = The ilium is the largest and uppermost of the three 
pelvic bones. The ilium presents a crest and four angles, or 
spines, that serve for muscle attachment and as important 
surface landmarks. The iliac crest forms the prominence of 
the hip. This crest terminates anteriorly as the anterior 
superior iliac spine. Just below this spine 1s the anterior 
inferior iliac spine. The posterior termination of the iliac 
crest is the posterior superior iliac spine, and just below 
this is the posterior inferior iliac spine. 

ium: Léa, loin 

ischium: Gk. ischion, hip joint 


pubis: L pudvs, genital area 
acetabulum L. acetabulum, vinegar cup 
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Pubis Inferior ramus of pubis 
Symphysis pubis 


FIGURE 10.10 


An anterior view of the pelvic girdle. 
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FIGURE 10.12 


The lateral aspect of the right os coxa. 


Below the posterior inferior iliac spine is the greater 
sciatic (si-at‘ik) notch. On the medial surface of the ilium is 
the roughened auricular surface that articulates with the 
sacrum. The iliac fossa is the smooth concave surface on 
the anterior portion of the ilium. The iliacus muscle origi- 
nates from this fossa. The iliac tuberosity, for the attach- 
ment of the sacroiliac ligament, is positioned posterior to 
the iliac fossa. Three roughened ridges are present on the 
gluteal surface of the posterior aspect of the ilium. These 
ridges serve to attach the gluteal muscles and are the infe- 


rior, anterior, and posterior gluteal lines. 


Ischium = The ischium is the posteroinferior component of 
the os coxa. This bone has several significant features. The 
spine of the ischium ts the projection immediately posteri- 
orand inferior to the greater sciatic notch of the ilium and 
ischium. Inferior to this spine ts the lesser sciatic notch of 
the ischium. The ischial tuberosity is the bony projection 
that supports the weight of the body in the sitting position. 
A deep acetabular notch iy present on the inferior portion of 
the acetabulum. The large obturator foramen ts formed by 
the ramus of the ischium together with the pubis. The obtu- 
rator foramen 1s covered by the obturator membrane, to 


which several muscles attach. 


Pubis The pubis is the anterior component of the oy coxa. 
This bone consists of a superior ramus and an inferior 
ramus that supports the body of the pubis. The body con- 
tributes to the formation of the symphysty pubis—the jount 


between the two ossa Coxae. 
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FIGURE 10.13 


The medial aspect of the nght os coxa. 


Sex-Related Differences in the Pelvis Structural differ- 
ences between the pelvis of an adult male and that of an 
adult female (fig. 10.14 and table 10.2) reflect the female's 
role in pregnancy and parturition. 

In addition to the osseous differences listed in table 
10.2, the symphysis pubis and sacroiliac joints stretch during 
pregnancy and parturition. 


the vertebral column, permits an upright posture and 

locomotion on two legs (bipeda!) rather than on four 

legs like other mammals. Although this structural 
arrangement is well adapted for bipedal locomotion, an 
upright posture may cause problems. The sacroiliac joint may 
weaken with age, causing lower back pains. The weight of 
the viscera may weaken the walls of the lower abdominal 
area and cause hernias. Some of the problems of childbirth 
are related to the structure of the mother s pelvis. Finally, the 
hip joint tends to deteriorate with age, so that many elderly 
people suffer from fractured hips. 


Thigh 


Although the thigh contains only a single bone, the femur, 
we will also consider the patella, or kneecap, in this section. 


\ The structure of the human pelvis, in its attachment to 


Femur The femur (thighbone) is the longest, heaviest, and 
strongest bone in the body (fig. 10.15). The proximal round- 
ed head of the femur articulates with the acetabulum of the 


PRE E HEHE HEHEHE HEHEHE ETH HEHEHE HEED 


femur L. femur, thigh 
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os coxa. A shallow pit, called the fovea capitis femoris is 
Present in the lower center of the head of the femur. The 
fovea capitis femoris provides the point of attachment for 


the ligamentum teres, which helps to support the head of 


the femur against the acetabulum. The constricted region 


supporting the head is called the neck and is a common site 
for fractures in the elderly. 

The shaft (body) of the femur has a slight medial bow 
so that it converges with the femur of the opposite thigh 
and brings the knee joints more in line with the body's plane 
of gravity. The degree of convergence is even greater in the 
female because of the wide pelvis. The shaft has several 
important structures for muscle attachment. On the proxi- 
molateral side of the shaft of the femur is the greater 
trochanter, and on the medial side is the lesser trochanter. 
Between the trochanters on the anterior side is the 
intertrochanteric line. Between the trochanters on the pos- 
terior side is the intertrochanteric crest. The linea aspera is 
a vertical ridge on the posterior surface of the shaft. 

The distal end of the femur is expanded for articula- 
tion with the tibia. The medial and lateral condyles 
(kon ‘dilz) are the articular processes for this joint. The 
depression between the condyles on the posterior aspect is 
called the intercondylar fossa. The patellar surface is locat- 
ed between the condyles on the anterior side. Above the 
condyles on the lateral and medial sides are the epicondyles, 
which serve for ligament and tendon attachment. 


Patella) The patella (kneecap) is a sesamoid 
bone positioned on the anterior side of the 
knee joint (figs. 10.16 and 10.17). It devel- 
ops in response to strain in the tendon of the 
quadriceps femoris muscle. The patella is a 
tnangular bone with a broad base and an infe- 
riorly pointed apex. Articular surfaces on 
the posterior surface of this bone articulate 
with the medial and lateral condyles of the 
femur. 

The functions of the patella are to pro- 
tect the knee joint and to strengthen the ten- 
don of the quadriceps femoris muscle. It also 
increases the leverage of the quadriceps 
femoris muscle as it straightens (extends) the 


knee joint. 

= The patella can be fractured by a 

\ direct blow. It usually does not 
fragment however, because it is 
“ confined within the tendon 

Dislocations of the patella may result from 
injury or may be congenital due to 
underdevelopment of the lateral condyle of 
the femur 


linea aspera’ L. linea, line: asperare, rough 


@ 
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Symphysis pubis 


Pubic arch 


Greater, 
or false, pelvis 


Lesser, 
or true, pelvis 


Pelvic brim 
Pelvic iniet 


Obturator 
foramen 


Pubic arch 


FIGURE 10.14 


A companison of (a) the male and (b) the female pelvic girdle. 
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FIGURE 10.15 


The right femur. (a) An anterior view and (b) a posterior view. 


- Lateral 
epicondyle 
of femur 


FIGURE 10.16 


A radiograph of the right knee region 
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The tibia and fibula are the skeletal elements of the leg. The 
tibia is the larger and more medial of the two bones. The 
skeletal structure of the leg is illustrated in figure 10.17. 


Tibia The tibia (shinbone) articulates proximally with the 
femur at the knee joint to bear the weight of the body. On 
the distal end, the tibia articulates with the talus of the ankle. 
Two slightly concave surfaces on the proximal end of the tibia, 
the medial and lateral condyles, articulate with the condyles 
of the femur. Between the condyles, there is a slight upward 
projection called the intercondylar eminence. The lateral 


tibia’ L. tibia, shinbone, pipe, flute 
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FIGURE 10.17 
‘ The right tibia, fibula, and patella. (a) an anterior view 


and (b) a posterior view. 


and medial epicondyles are located on the proximal end of 
the tibia on the lateral and medial sides, respectively. The 
tibial tuberosity, for attachment of the patellar ligament, is 
located on the proximoanterior portion of the shatt. A sharp 
ridge along the anterior surtace of the shaft 1s called the ante- 
rior crest. 

The medial malleolus ts a prominent medial knob of 
bone located on the distal end of the ubia. A fibular notch, 
for articulation with the fibula, is located on the distolar- 
eral end. 


malleolus L ma/leo/us, small hammer 


Fibula) The fibula is a long, 


Narrow bone that is more impor- 
tant for muscle 


attachment than for support. The head of the 
fibula articulates with the Proximolateral end of the tibia. The 


distal end has a prominent knob called the 
nihze the ankle 
joint. Both processes can be « 


seen as prominent 
surface features and are 


easily palpated. Fractures to 
either or both malleoli are c ’mmon in skiers. These fractures. 
clinically referred to as Pot! S fractures, result from a shearing 
force occurring ata vulnerable spot on the leg 


lateral malleolus. 
The lateral 


and medial malleolj are positioned on 
either side 


of the talus and help stat 


PPMOSHSOOSEHOCEKS CO SES TORSO ODES EOCe 


fibula L. fibula, clasp or brooch 


Downloaded from Durr-e-Danish, Library 


Sesamoid 


bone 
Distal Metatarsal Talus 
P | \ bones 
Phalanges Distal phalanx \ Phalann \ Cuneiform | Tibia 
Middle phalanx \ Proximal | | , bone | | 
\ phalanx | | Navicular} | Fibula 
- Proximal phalanx \ \ | | ;bone | | | Calcaneus 


: 
Metatarsal — Medial 
bones cuneiform bone 
Intermediate 
| cuneitorm bone 
| 
Lateral 
cuneiform bone 
Tarsal ——— Navicular bone 
bones 
Cuboid bone 
| Talus 
~ Calcaneus 
(a) (b) 
Distal phalanx f =) 
J n Phalanges 
4 , 
Proximal phalanx | 
ae Oistal phalanx ————_- 
_————— a 
a 
<i! 4 4 Middle phalanx Pe 
~ 4 as ! i 
) f / ~/ Proximal phalanx -——_ 
’ \ 
Vv -— 
i ne \ 
First metatarsal—_____ i + 
bone > .s Metatarsal 
/ bones 
Fifth metatarsal bone 
/ 
1, | 
Medial cuneiform bone } 
Intermediale cuneiform bone } 
Lateral cuneiform bone re 
~4 
A jis 
Navicular bone —_____ f Cuboid bone 
a s ‘ 


a 4 
j % a 
Talus == I “; = e 
i - ‘ ‘ a ot 


Tarsal 
bones 


<< 
=. 


Q 

a 

& . 

Tu beerrosity Of calcaneus 
(c) (d) 

(c) (d) 
FIGURE 10.18 
(9) A superior view of the right foot. (b) A radiograph of the (d) An inferior view of the bones of the right foot. (Note the 
right toot. (c) A superior view of the bones of the right foot presence of a sesamoid bone in (b) at the base ol the big toe.) 
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Pes [Foot] 


The foot contains 26 bones consti- 


tuting the tarsus, metatarsus, and 
phalanges (figs. 10.18 and 10.19), 


The bones of the foot are hasically 


like those of the hand. They do, 
however, have distinct structural 


Cuneiform 
bones 


Cuboid 
bone 


differences in order to provide 
Weight support and leverage during 
walking. 


Tarsus There are seven tarsal 
bones. The talus is the tarsal bone 
that articulates with the tibia and 
fibula to form the ankle joint. The 
calcaneus (kal-ka‘ne-us) is the 
largest of the tarsal bones and pro- 
vides skeletal support for the heel of 
the foot. It has a large posterior 
extension, called the tuberosity of 
the calcaneus, for the attachment 
of the calf muscles. Anterior to the 
talus is the block-shaped navicular (0) 
(ndi-vik wi-lar) bone. The remaining FIGURE 10.19 
four tarsal hones form a distal series 
that articulate with the metatarsals. 
They are, from the medial to lateral 
side, the medial, intermediate, and 
lateral cuneiform (kyoo-ne ‘1-form) 
bones and the cuboid bone. 


Metatarsus Consisting of five bones, the metatarsus forms 
the skeletal framework for the sole of the foor. The 
metatarsal bones are numbered from [to V, with the medi- 
al, or big toe, side being |. The first metatarsal bone is larg- 
er than the others because of its weight-bearing function. 

The metatarsal bones each have a base, shaft (body), 
and head. The bases of the first, second, and third metatarsal 
bones articulate proximally with the cuneiform bones. The 
heads of the metatarsal bones articulate distally with the 
proximal phalanges. The proximal joints are called tar- 
sometatarsal joints and the distal joints are called metatar- 
sophalangeal joints. The ball of the foot is formed by the heads 
of the first pwo metatarsal bones. 


Phalanges The !4 phalanges are the skeletal elements of 
the toes. As with the fingers of the hand, the phalanges of 
the roes are arranged in a proximal row, a middle row, and a 


PPPTUTETETITTTT IL ry) 
tarsus Gk ftarsos flat of the foot 

talus L talus anble 

calcaneus L calcis. heel 


@ 
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Transverse arch 


The arches of the foot. (a) A medial view of the right 
foot showing beth aches and (b) a transverse view 
through the bases of the metatarsal bones showing 
a portion of the transverse arch. 


distal row. The great toe (hallux) 
has only a proximal and a distal 
phalanx. 


Arches of the Foot The foor has 

two arches that support the weight 

of the body and provide leverage 

when walking. These arches are 
Talus formed by the structure and arrange- 
Calcaneus ment of the bones held in place by 
Navicular ligaments and tendons. The arches 
are not rigid; they yield when 
ib noncieamaiaia weight ts placed on the foot and 
spring back as the weight is lifted 
(fig. 10.19). 

The longitudinal arch is divid- 
ed into medial and lateral parts. 
The medial, or inner, part is the 
larger of the two. It is supported by 
the calcaneus proximally and by the 
heads of the first three metatarsal 
bones distally. The wedge, or “key- 
stone,” of this part of the longitudi- 
nal arch is the talus. The shallower 
lateral part consists of the calea- 
neus, cuboid, and fourth and fifth 
metatarsal bones. The cuboid bone 
is the “keystone” of this part. 

The transverse arch extends 
across the width of the foot and ts 
formed by the distal part of the calcaneus, navicular, and 


cuboid bones and the proximal portions of all five 
metatarsal bones. 


Longitudinal arch 


1st metatarsal bone 


Bases of 
metatarsal 
bones 


A weakening of the ligaments and tendons of the foot 
decreases the height of the longitudinal arch in a condition 
called pes planus, or flatfoor. 


A summary of the bones of the lower extremities is pre- 
sented in table 10.3, 


Developmental Disorders 


Minor defects of the extremities are 


relatively common mal- 
formations. Extra digits, a condition called polydactyly 
(pol “e-dak tile) (tig. 10.20), is the most common limb deter 
mity. Usually an extra divit ts incompletely formed and does 
not function. Syndactyly (sin-dak tele), or webbed digits, ts 


palydactyly Gk polys. many. daktylos finger 
syndactyly Gk syn. together, daktylos finger 


likewise a relatively common limb malformation. Polydactyly 
is inherited as a dominant trait, whereas syndactyly is a reces- 
sive trait. 

Talipes (tal ‘t-péz), or clubfoor (fig. 10.21), is a con- 
genital malformation in which the sole of the foot is twisted 
medially. It is not certain if abnormal positioning or restrict- 
ed movement in utero causes this condition, but both genet- 
ics and environmental factors are involved in most cases. 


eee esas eee esses esenes See eeeeoreseeee 


talipes: L. talus, heel; pes. foot 


Table 10.4 


Trauma and Injury 


The most common type of bone injury is a fracture. A frac- 
ture is the cracking or breaking of a bone. Radiographs are 
often used to diagnose the position and extent of a fracture. 
Fractures may he classified in several ways, and the type and 
severity of the fracture varies with the age and the general 
health of the body. Spontaneous, or pathologic, fractures, 
for example, result from diseases that weaken the bones. Most 


Bones of the pelvic girdle and the lower extremities 


LL 


Name and number Location 


Diagnostic features 


gg ——— 


Os coxa (2) Hip, part of the pelvic girdle; composed of three fused _Iliac crest, acetabulum, anterior superior iliac spine, ischial 
bones tuberosity, obturator foramen 
Femur (2) Bone of the thigh, between hip and knee Head, fovea capitis femoris, neck, greater and lesser 
trochanters, lateral and medial condyles 
Patella (2) Anterior surface of knee Triangular sesamoid bone 
Tibia (2) Medial side of leg, between knee and ankle Medial and lateral condyles, tibial crest, medial malleolus 
| Fibula (2) Lateral side of leg, between knee and ankle Head, lateral malleolus a 
+ thee be —— > 


Tarsal bone (14) . Ankle 


(a) (b) 


FIGURE 10.20 


arge talus and calcane 
re ae 


Skeletal System: Appendicular Skeleton 


FIGURE 10.21 


Polydactyly is the condition in which there are extra digits, It is the most 
common congenital deformity of the foot, although it also occurs in the 
hand. Syndactyly is the condition in which two or more digits are webbed 
together. It is a common congenital deformity of the hand, although it also 
occurs in the foot. Both conditions can be surgically corrected. 


Talipes, or clubfoot, is a congenital malformaton 
of a foot or both feet. The condition can be 
effectively treated surgically if the procedure is 
done atan early age. 
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peer of the Extremities — 


ae 


) l ber of limb 
fess ; 7 arge number of lim 
The development of the ossification centers soon form in each A larg di 
’ uses i hyali st aeticaee 1K delormities occurred in 
extremities is i heh has ie pene ibin bee nantes ee children born between 1957 
eee Sis Hs iatec toward the end of gradually replaced by a bony tissue sh yond 1962 asa result of 
e fou ; wee with the appearance of the process of endochondral ossitication mothers ingesting thalidomide during 
our sma elevations called limb buds (see chapter 8). early pregnancy to reheve "morning 
(fig. 1). The anterior pair are the arm Initially, the developing limbs are sickness.” It is estimated that 7000 
buds, which precede the development of directed caudally, but later there is a infants were malformed by 
the posterior pair of leg buds by a few lateral rotation in the upper extremity thalidomide. The malformations 
days. Each limb bud consists of a mass of and a medial rotation in the lower ranged from micromelia (short limbs) 
unditterentiated mesoderm partially extremity. As a result, the elbows are to amelia (absence of limbs). 
covered with a layer of ectoderm. This directed backward and the knees 
apical (a pi-ka/) ectodermal ridge directed forward, besarte 
promotes bone and muscle development. Digital rays that will form the hands micromelia: Gk. mikros, small; melos, limb 
As the limb buds elongate, migrating and feet are apparent by the fifth week, amelia: Gk. a, without: melos, limb 
mesenchymal tissues differentiate into and the individual digits separate by the 
specific cartilaginous bones. Primary end of the sixth week. 
Ectoderm Mesenchymal 
Primordium of 
limb bone 
[Ey 
ft) Limb buds — 
Op 
iF 
Apical ectodermal 
ridge 
(c) 
(a) (b) 
Scapula 
Humerus 
— Humerus 
Digital rays 
Elbow 
‘Ulna 
Metacarpal bones 
(d) ™ Phalanges 
(e) 
FIGURE 1 
The developrnent of the —_ - _ i keieton. ( Limb are present at 33 days (qd) Hyaline carnlaginous models 
buds are apparent in an embryo by 28 days and (b) an of individual bones develop early in the sixth week. 
ectodermal ridge is the precursor of the skeletal and (e) Later in the s 


ixth week, the cartilaginous skeleton of 


muscular structures, (c) Mesenchymal! pnmordiail cells the upper extremity is well formed. 


18) 
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A greenstick tracture is incomplete, 
and the break occurs on the convex 
surface of the bend in the bone. 


A transverse fracture is complete, 
and the break occurs at a right 
angle to the long axis of the bone. 


FIGURE 10.22 


Examples of types of traumatic fractures. 


fractures, however, are called traumatic fractures because 
they are caused by injuries. The following are descriptions 
of several kinds of traumatic fractures (fig. 10.22). 


] Simple, or closed. The fractured bone does not break through 


the skin 


4 Compound, or open. The fractured bone is exposed to the 


outside through an opening inthe skin. 
3 Partial (fissured). The bone ts incompletely broken. 
Complete. The fracture has separated the bone into two parts. 


Capillary. A hairlike crack occurs within the hone. 


on > 


Comminuted (kom @nvot “ed). The bone is splintered into 


small fragments. 
7 Spiral. The fracture line ts twisted ay itis broken 


8 Greenstick. In this incomplete break, one side of the bone ts 


bre sken and the other side Ws he »wed 
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A partial (fissured) tracture 
involves an incomplete 
longitudinal break 


An oblique fracture occurs 
at an angle other than a right 
angle to the long axis of the bone. 


{ 


A comminuted fracture is 
complete and results in 
several bony fragments 


| 4/8 
ag wa 
—_ al 
{ ? \ 


A spiral fracture is 
caused by twisting a 
bone excessively. 


9 Impacted. One broken end of a bone is driven into the other. 


10 Transverse. The fracture occurs across the bone at right 
angles to the shaft. 


1] Oblique. The fracture occurs across the bone at an oblique 
angle to the long axis of the bone. 


12 Colles’. A fracture of the distal portion of the radius. 


13 Pott’s. A fracture of either or both of the distal ends of the 
ubia and fibula at the level of the malleoli. 


14 Avulsion. A portion of a bone is torn off. 


15 Depressed. The broken portion of the bone is driven inward, 


as in certain skull fractures. 


16 Displaced. In this fracture, the bone fragments are notin 
anatomical alignment. 


17 Nondisplaced. In this fracture, the bone fragments are in 
anatomical alignment. 


Skeletal System: Appendicular Skeleton 


Chapter Ten 


When a bone fractures, 
medical treatment involves 
realigning the broken ends and 
then immobilizing them untal 


Medullary 
Cavity 
new bone tissue is formed and 
the fracture is healed. The site 
and severity of the fracture and 
the age of the patient will 
determine the type of immobi- 
lization. Methods ot iumnmobi- 
lization include tape, splints, 
Casts, straps, wires, and steel 
pins. Even with these various 
methods of treatment, certain 
fractures heal poorly. Ongoing 


Bony callus 


research into these problems is 
producing promising results. It 
has been found, for example, 
that applying weak electrical 
currents to fractured bones pro- 
motes healing and reduces the 
time of immobilization by half. 

Physicians can realign 
and immobilize a fracture, bur 
the ultimate repair of the bone FIGURE 10.23 
occurs naturally within the 
hone itself. Several steps occur 
in the repair of a fracture (fig. 
10.23). 


l When a bone ts fractured, the 
surrounding periosteum ts usually 
torn, and blow id vessels in both 
tissues are ruptured. A blood clot 
called a fracture hematoma 

(hém “tieto md) soon forms 
throughout the damaged area. A 
disrupted blo vd supply to 
osteocytes and periosteal cells at 
the fracture site causes localized 
cellular death. This as followed by 


swelling and inflammation 


2 The traumatized area ts “cleaned up" by the activity of 
phagoeytic cells within the blood and osteoclasts that resarb bone 
fragments. As the debris is removed, fibrocartbige tills the gap 
within the fragmented bone, and a cartilaginous mass, Called a 


bony callus, ty formed. The bony callus becomes the precursor of 


bone formation in much the same way that hyaline cartilage is the 


precursorot developing bone 


TYTTTTITILT TTI 
fracture hematoma Gk hema, blood. oma, tumor 
callus L ca/losus. hard 


(a) Blood escapes from ruptured blood 
vessels and forms a hematoma 


(c) Fibrocartilage 1s replaced by a bony callus 


({a-d) Stages of the repair of a fracture. 
{e) A radiograph of a healing fracture, 


New blood vessels 


(b) Spongy bone forms in regions close to 
developing blood vessels; fibrocartilage 
forms in more distant regions 


Healed fracture. 


49919 


(d) Osteoclasts remove excess bony tissue, 


making new bone structure much like 
the original 


(e) 


3 The remodeling 


of the be NY Ca 
healing process. The cartilag 
vascular supply as established, anc 


the penphery of the frac ture. 


Hus is the final step inthe 


mous Callus as broken down, a new 
| COMpPact hone dev ck ps around 


A healed fracture line as frequently 
undetectable ina radouraph, 


except that the bone in this area ts 
usually slightly thicker 
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Chapter summary 


Pectoral Girdle and Upper Extremity 
(pp. 203-209) 


1. The pectoral girdle is composed of two 
scapulae and two clavicles. The clavicles 
attach the pectoral girdle to the axial 
skeleton at the sternum 


a. 


Diagnostic features of the clavicle 
include the conoid tubercle and 
acromial and sternal extremities. 
Diagnostic features of the scapula 
include the spine. the acromion, and 
the coracoid process: the 
Supraspinous, infraspinous, and 


subscapular fossae, the glenoid cavity; 


Superior, medial, and lateral borders: 
and superior, inferior, and lateral 
angles 


2. The brachium contains the humerus, 
which extends from the scapula to the 
elbow. 


a 


Proximally, diagnostic features of the 
humerus include a rounded head, 
greater tubercle, anatomical neck, and 
an intertubercular groove. Distally, 
they include medial and lateral 
epicondyles, coronoid and olecranon 
fossae, a Capitulum, and a trochlea. 
The head of the humerus articulates 
proximally with the glenoid cavity of 
the scapula; distally, the trochlea and 
Capitulum articulate with the ulna and 
radius, respectively. 


they include the styloid process and 
head of the ulna 

b. Proximally, diagnostic features of the 
radius include the head and neck of 
the radius and the tuberosity of the 
radius. Distally, they include the 
styloid process and ulnar notch 

4. The hand contains 27 bones arranged as 
the carpal bones, metacarpal bones. and 
phalanges 


Pelvic Girdle and Lower Extremity 
(pp. 209-216) 


1. The pelvic girdle is formed by two ossa 
coxae united anteriorly by the symphysis 
pubis. 

2. The pelvis is divided into a greater pelvis, 
which helps to support the pelvic viscera, 
and a lesser pelvis, which forms the walls 
of the birth canal. 

3. Each os coxa consists of an ilium, 
ischium. and pubis. Diagnostic features of 
the os coxa include an obturator foramen 
and an acetabulum, the latter of which is 
the socket for articulation with the head of 
the femur 
a. Diagnostic features of the ilium 

include an iliac crest, iliac fossa, 
anterior Superior iliac spine, and 
anterior inferior iliac spine 


. The thigh contains the femur, which 


extends from the hip to the knee where it 
articulates with the tibia and the patella. 


a. 


Proximally, diagnostic features of the 
femur include the head, neck, and 
greater and lesser trochanters 
Distally, they include the lateral and 
medial epicondyles, the lateral and 
medial condyles, and the patellar 
surface. The linea aspera is a 
roughened ridge positioned vertically 
along the posterior aspect of the shaft 
(body) of the femur 


. The head of the femur articulates 


proximally with the acetabulum of the 
OS coxa and distally with the condyles 
of the tibia and the articular surfaces 
of the patella. 


. The leg contains the medial tibia and the 


lateral fibula. 


Diagnostic features of the tibia include 
the lateral and medial epicondyles, 
intercondylar eminence, and tibial 
tuberosity proximally and the medial 
malleolus distally. The anterior crest is 
a sharp ridge extending the anterior 
length of the tibia 

Diagnostic features of the fibula 
include the head proximally and the 
lateral malleolus distally. 


Diagnostic features of the ischium 
include the body, ramus, and ischial 


. The foot contains 26 bones arranged as 


the tarsal bones, metatarsal bones, and 


_ The antebrachium contains the medial 


tuberosity. 


ulna and the lateral radius 


a 
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Proximally, diagnostic features of the 
ulna include the olecranon, coronoid 
process. and trochlear notch. Distally, 


c. Diagnostic features of the pubis 
include the ramus and pubic tubercle. 
The two pubic bones articulate at the 
symphysis pubis. 


phalanges. 


Skeletal System: Appendicular Skeleton 


Objective Questions 


iF 


Chapter Ten 


When in anatomical position. the 

subscapular fossa of the scapula faces 

a. anteriorly. C. posteriorly. 

b. medially. d. laterally. 

The clavicle articulates with 

a. the scapula and humerus. 

b. the humerus and manubrium. 

c. the manubrium and scapula. 

d. the manubrium, scapula, and 
humerus. 


. Which of the following bones has a 


conoid tubercle? 


a. scapula d. clavicle 
b. humerus e. ulna 
c. radius 


. The “elbow” of the ulna is formed by 


a. the lateral epicondyle. 
b. the olecranon 

c. the coronoid process. 
d. the styloid process. 

e. the medial epicondyle. 


. Which of the following statements 


concerning the carpus Is false? 

a. There are eight carpal bones arranged 
in two transverse rows of four bones 
each. 

b. All of the carpal bones are considered 
sesamoid bones 

c. The scaphoid and the lunate bones 
articulate with the radius 

d. The trapezium, trapezoid, capitate, and 
hamate bones articulate with the 
metacarpal bones. 


Review Activities 


6. In pelvimetry, which of the following is 2. 
measured? 
a. OS COxa 
b. symphysis pubis 3. 
c. pelvic brim 
d. lesser pelvis 4. 


7. Which of the following is nota structural 
feature of the os coxa? 
a. obturator foramen 


b. acetabulum 5: 


c. auricular surface 
d. greater sciatic notch 
e. linea aspera 
8. A fracture across the intertrochanteric 


line would involve which bone? 6. 
a. ilium d. fibula 
b. femur e. patella 
c. tibia 
9. As compared to the male pelvis, the 7. 
female pelvis 
a. 1S more massive. 8. 


b. is narrower at the pelvic outlet. 
c. is tilted backward. 
d. has a shallower symphysis pubis. 
10. Clubfoot is a congenital malformation that 9. 
is medically referred to as 
a. talipes. C. pes planus. 
b. syndactyly. d. polydactyly. 10. 


Essay Questions 


1. Explain the significance of the limb buds, 
apical ectodermal ridges, and digital rays 
in limb development. When does limb 
development begin and when is it 
completed? 


Compare the pectoral and pelvic girdles in 
structure, articulation to the axial 
skeleton, and function. 

Explain why the clavicle is more 
frequently fractured than the scapula. 
List the processes of the bones of the 
upper and lower extremities that can be 
palpated. Why is It important to be able to 
recognize these bony landmarks? 

There are basic similarities and specific 
differences between the bones of the 
hands and those of the feet. Compare and 
contrast these appendages, taking into 
account the functional role of each 
Define bipedal locomotion and discuss 
the adaptations of the pelvic girdle and 
lower extremities that permit this type of 
movement 

What are the structural differences 
between male and female pelves? 

What 1s meant by a congenital skeletal 
malformation? Give two examples of such 
abnormalities that occur within the 
appendicular skeleton 

How do spontaneous and traumatic 
fractures differ? Give some examples of 
traumatic fractures 

How does a fractured bone repair itself? 
Why is it important that the fracture be 
immobilized? 
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+ Synovial Joints cc/ 


? Structure of a Synovial Joint 
Kinds of Synovial Joints 


Movements at Synovial Joints ca] 
Angular 


Circular 
Special Movements 
Biomechanics of Body Movement 


Specific Joints of the Body cad 


Temporomantibular Joint 

Humeral (Shoulder),Joint 

Elbow Joint 

Metacarpophalangeal Joints and interphalangeal 
Joints 


Coxal (Hip) Joint 
Tibiofemoral (Knee) Joint 
Talocrural (Ankle) Joint 


Clinical Considerations ¢49 
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Compare and contrast the three principal kinds 
of joints. 


Describe the structure of a suture and indicate where 
sutures are located. 


Describe the structure of a syndesmosis and indicate 
where syndesmoses are located. 


Describe the structure and note the location of 
gomphoses. Also, discuss the importance of these 
joints to the profession of dentistry. 


Describe the structure of a symphysis and indicate 
where symphyses occur. 


Describe the structure of a synchondrosis and 
indicate where synchondroses occur. 


Describe the structure of a synovial joint. 


Discuss the various kinds of synovial joints, noting 
where they occur and the movements they permit. 


List and discuss the various kinds of movements that 
are possible at synovial joints. 


Describe the components of a lever and explain the 
role of synovial joints in lever systems. 


Compare the structure of first-, second-, and third- 
class levers. 
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Chapter Eleven 


Classitication of vaints 


On the basts of anatomical structure. the articulations between the 
bones of the skeleton are classified as fibrous jomty, carulagmous jomts, 
or synovtal jomts. Fibrous jomts firmly jom skeletal elements with 
fibrous connective ussue. Cartilagmons joints firmly jom skeletal 
elements with cartilage. Synovial joints are freely movable jomts 
enclosed by joint capsules that conta synovial fluid 


One of the functions of the skeletal system is to permit body 
movement. It is not the rigid bones that allow movement 
but the articulations, or joints, between the bones. The 
Structure of a joint determines the range of movement it 
permits. Not all joints are flexible, however, and as one part 
of the body moves, other joints remain reid to stabilize the 
body and maintain balance. The coordinated activity of all 
of the joints permits the sinuous, elegant movements of a 
gymnast or ballet dancer, just as it permits all of the com- 
monplace actions associated with walking, eating, writing, 
and speaking. 

Arthrology is the science concerned with the study of 
joints. Generally speaking, an arthroloyist is interested in 
structure, Classification, and function of joints, including 
any dysfunctions that may develop. Kinesiology (ki-ne ‘se- 
ol }-je) is a more practical and dynamic science concerned 
with the functional relationship, or biomechanics, of the 
skeleton, joints, muscles, and innervation as they work 
together to produce coordinated movement. Ina kinetic 
approach to studying the joints, the various movements per- 
mitted ar each of the movable yornts are demonstrated, with 
an emphasis on understanding the adaptive advantage as 
well as the limitations, of each type of movement. 

The joints of the body may be classified according to 
structure or function. Structural classification is based on the 
presence or absence of a joint cavity and the kind of sup- 
portive connective tissue surrounding the joint. In classifi- 
cation by structure, the three types of joints are as follows: 


l Fibrous joints. A fibrous joint lacks a joint cavity, and fibrous 


connective tissuc connects articulating bones. 


2 Cartilayinous joints. A cartilaginous joint lacks a joint cavity, 
and cartilage binds articulating bones. 


4 Synovial (si-no‘ve-al) joints. A synovial yoint has a joint 
cavity, and ligaments help to support the articulating bones. 


arthrology: Gk. arthron, joint, logos, study 
kinesiology Gk kimesis, movement; /ogos, study 


The functional classification of joints Is based on the 
degree of movement permitted within the joint. Using this 
type of classification, the three kinds of articulations are as 


follows: 


] Synarthroses (sin ‘ar-thro ‘s¢z). Immovable joints. 
2 Amphiarthroses. Slightly movable joints. 
3 Diarthroses (di “ar-thro ‘séz). Freely movable joints. 


In previous editions of this text, the functional classt- 
fication scheme was used in discussing the various kinds of 
joints of the body. In accordance with the structural classi- 
fication of joints presented in the sixth edition of Nomina 
Anatomica, we have revised this chapter using a structural 


classification of joints. 


Fibrous Join 


Articulating bones in fibrous jomts are ughtly bound by fibrous 
connective ussue. These range from slightly movable yomes to yomts that 
ave rigid and relatively mmovable. Fibrous joints are of three types: 
suttes, syndesmoses, and gomphoses. 


Sutures 


Sutures, one type of fibrous joint, are found only between 
the flat bones of the skull and are characterized by a thin 
layer of dense regular connective tissue that binds the artic- 
ulating bones (fig. 11.1). Sutures form at about 18 months of 
age and replace the phable fontanels of an infant's skull (see 
fig. 2, p. 193). 

Sutures can he distinguished on the basis of the appear: 
ance of the articulating margin of bone. A serrate suture is 
characterized by interlocking sawlike articulations. This ts 
the most common type of suture, an example being the sagt 
tal suture between the two parietal bones. Ina squamous 
suture, the margin of one bone overlaps that of the articu- 
lating bone. The squamous suture formed between the tem- 
poral and parietal bones is an example (see fig. 9.2). Ina 
plane suture, the margins of the articular ing bones are fai 


ly smooth. An example is the median palatine suture, where 


the paired maxillary and palatine bones articulate to form 
the hard palate (see fig. 9.3), 


COMO eee re eererrererecereeeseseece 


Suture: L. sutura, sew 
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FIGURE 11.1 


A section across the skull showing a suture. 


A synostosis (sin“os-to’sis) is a unique sutural joint. 
It is present during growth of the skull, but in the adult the 
suture becomes totally ossified. For example, the frontal 
bone forms as two separate components but the separation 
becomes obscured in most individuals as the skull completes 


its growth. 


but much less so in a child. The skull of a child is 
resilient to blows because of the nature of the bone 
~ and the layer of fibrous connective tissue within the 
sutures. The skull of an adult 1s much like an eggshell in its 
lack of resilience, and will frequently splinter on impact. 


\ Fractures of the skull are fairly common in an adult 


The nomenclature in human anatomy is extensive and 
precise. There are over 30 named sutures in the skull even 
though just a few of them are mentioned by name in figures 
9.2, 9.3, and 9.4. Review these illustrations and make note 
of the bones that articulate to form the sutures identified in 


these figures. 
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Interosseous 
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Paimar radiocarpal 
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FIGURE 11.2 

The side-to-side articulation of the ulna and radius forms a 
syndesmotic joint. An interosseous ligament tightly binds these 
bones and permits only slight movement between them. 


JYMOESMOSES 


Syndesmoses (sin“des-mo’séz) are fibrous joints found only 
in the antebrachium (forearm) and leg where adjacent bones 
are held together by collagenous fibers or interosseous liga- 
ments. A syndesmosis is characteristic of the side-to-side 
joints between the tibia-fibula and the radius-ulna (fig. 11.2). 
Slight movement is permitted at these joints as the ante- 
brachium or leg is rotated. 


bomphoses 


Gomphoses (gom-fo’séz) are fibrous joints that occur 
between the teeth and the supporting bones of the jaws. 
More specifically, a gomphosis is located where the root of a 
tooth is attached to the periodontal ligament of the alveolus 
(socket) of the bone (see fig. 26.11). 


inflammation and degeneration of the gum, 
periodontal ligaments, and alveolar bone tissue. With 
this condition, the teeth become loose and plaque 
accumulates on the roots. Periodontal disease may be caused 
by poor oral hygiene, compacted teeth (poor alignment), or 
local irmtants, such as impacted food, chewing tobacco, or 
cigarette smoke. 


\ Periodontal disease occurs at gomphoses and is the 


<j 


syndesmosis: Gk. syndesmos, binding together 
gomphosis: Gk. gompho, nail or bolt 
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Articulations 


Fibrocartilage 


(a) 


artilaginous Joints 


Cartlagmous jomts allow limited movement m response to tersting, 
COMPTESsston, OT SITESS The teo types of cartilaginous jomets are 


symph yses and syne hondroses. 


JHMPNYSES 

The adjoining bones of a symphysis (sim fi-sis) joint are 
separated by a pad of fibrocartilage. This pad cushions the 
joint and allows limited movement. The symphysis pubis 
and the intervertebral dises (fig. 11.3) are examples of sym- 
physes. Although only limited motion is possible at each 
intervertebral point, the combined movement ot all the jomnts 


of the vertebral column results in extensive movement of 


the structure as a whole. 


Synchondrases 


Synchondroses (sin kon-dro séz) are cartilaginous joints 
chai have hyaline cartihige between the bone seyments. 
Some of these points are temporary, torming the epiphyseal 
plares (growth lines) berween the draphyses and epiphyses 
in the long bones of children. When growth is complete, 


~ FIGURE 11.3 
Examples of symphyses. (a) the symphysis 
pubis and (b) the intervertebral joints between 


vertebral bodies. 


Intervertebral disc 


Body of vertebra 


(b) 


these synchondrotic joints ossify. A totally ossified 
synchondrosis may also be referred to as a synostosis. Syn- 
chondroses can be clearly seen in the radiograph of a long 
bone of a child in figure 11.4. 


_ A fracture of a long bone in a child may be 
extremely serious if it involves the mitotically active 
epiphyseal plate of a synchondrotic joint. If such an 
injury 1s not treated, there likely will be retarded or 

arrested bone growth, so that the appendage will be shorter 
than normal. 


Synchondroses that do not Ossify as a person ages are 
those between the oceipital, sphenoid, temporal, and eth: 
moid bones of the skull. In addition, the Soctonbeonsledl attic: 


ulations between the ribs and the sternum are examples ot 


synchondroses. It as interesting that elderly people often 
exhibit some ossification of costal cartilages of the rib cage: 
This may restrict movement of the rib cage and obscure an 


image of the lungs ina thoracic radiograph. 


Coco rrccccccccccccccesccccccceceeees 
symphysis Gk symphysis. growing together 
synchondrosis Gk syn. together. chondros, cartilage 
synostosis Gk syn, together, osteon. bone 
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Proximal epiphysis of 


ii humerus 


Proximal epiphyseal plate 
(site of synchondrotic joint) 


Diaphysis of 
humerus 


Distal epiphyseal 
plate 


Distal epiphysis 
of humerus 


FIGURE 11.4 

A radiograph of the left humerus of a 10-year-old child showing a 
synchondrotic joint. In a long bone, this type of joint occurs at 
both the proximal and distal epiphyseal plates. The mitotic 
activity at synchondrotic joints is responsible for bone growth in 


length. 


ay noVvial Joints 


Synovtal jomets are freely movable jots enclosed by joint capsules 
that contam synovial fluid. Based on the shape of the arucular 
surfaces and the kinds of motion they permit, synovial yomes are 
categorized as gliding, hinge, prwot, condyloid, saddle, or ball-and- 


socket 


The most obvious type of articulation in the body is the 
freely movable synovial joint. The function of synovial joints 
is to provide a wide range of precise, smooth movements, al 
the same time maintaining stability, strength, and, in cer- 
tain aspects, rigidity in the body. 
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Synovial joints are the most complex and varied of 
the three major types of joints. The range of movement 
of a synovial joint is limited by three factors: (1) the struc- 
ture of the bones participating in the articulation (for 
example, the olecranon of the ulna actually limits the 
range of motion and “locks” the articulation to prevent 
overextension of the joint); (2) the strength and tautness 
of the associated ligaments, tendons, and joint capsule; 
and (3) the size, arrangement, and action of the muscles 
that span the joint. Joint motility ts characterized by 
tremendous individual variation, most of which ts relat- 
ed to body conditioning. “Double-jointed” is a misnomer 
because such a joint is not double, although it does per- 
mit extreme maneuverability. 


joints. Advancements in arthroplastic procedures 

continue as devices are sought to provide patients 

movement capabilities free of pain. A recent 
advancement in the repair of soft tissues involves the use of 
aruficial ligaments. A material consisting of carbon fibers 
coated with a plastic called polylactic acid is sewn in and 
around torn ligaments and tendons. This reinforces the 
traumatized structures while providing a scaffolding on which 
the body's collagenous fibers can grow. As the healing 
process continues, the polylactic acid is eventually absorbed 
and the carbon fibers break down. 


\ Arthroplasty is the surgical repair or replacement of 


structure of a Synovial Joint 


Synovial joints are enclosed by a fibroelastic joint capsule 
that is filled with lubricating synovial fluid, or synovium (fi. 
11.5). Synovial fluid is secreted by a thin synovial membrane 
thar lines the inside of the capsule. Synovial fluid is similar to 
interstitial fluid (fluid surrounding cells of a tissue) and has 
a high concentration of hyaluronic acid—a lubricating sub- 
stance. The bones that articulate ina synovial joint are capped 
with a smooth articular cartilage. The avascular articular ear- 
tilage is only about 2 mm thick and depends on the alternat- 
ing compression and decompression during joint activity for 
the exchange of nutrients and waste products with the syn- 
ovial fluid. Ligaments help to bind a synovial joint and may be 
located within the joint cavity or on the outside of the cap- 
sule. Tough, fibrous cartilaginous pads called menisci— 
singular, meniscus (mé-nis“kus)—are located within the capsule 
of certain synovial joints (e.g., the knee joint) and serve to 
cushion, as well as to guide, the articulating bones. 


eee eee rrr rr rere rrr re rr rere rer rrr 
arthroplasty. Gk arthron, joint, plasso, to form 
meniscus: Gk. meniskos, small moon 
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FIGURE 11.5 
A synovial joint is represented by a lateral view of the knee joint. 
r Many people are concerned about the cracking 
\ sounds they hear as joints move, or the popping 
sounds that result from “popping” or “cracking” the 
~ knuckles by forcefully pulling on the fingers. These 
sounds are actually quite normal. When a synovial joint is 
pulled upon, its volume is suddenly expanded and the 
pressure of the joint fluid is decreased, causing a partial 
vacuum within the joint. As the joint fluid is displaced within 
a vacuum and hits against the articular cartilage, a popping 
or cracking sound 1s heard. Similarly, displaced water ina 
sealed vacuum tube makes the same sound as it hits against 
the glass wall. Popping one’s knuckles does not cause 
arthritis, but it can lower one’s social standing. 
\ contact with one another. Articular cartilage caps the 
articular surface of each bone and synovial fluid 


~ circulates through the joint during movement. Both of 
these joint structures serve to minimize friction and cushion 


Articulating bones of synovial joints do not come in 


the articulating bones. Should trauma or disease render 
either of these two joint structures nonfunctional, the two 
articulating bones will come in contact. Bony deposits will 
then form, and a type of arthntis will develop within the joint 


Located near certain synovial joints are flattened, 
singular, bursa (bur sa)— 


pouchlike sacs called bursae 
which are filled with synovial fluid. (fig. 11.6). These closed 
sacs are commonly located between muscles or within an 


2 
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a tendon passes over a bone. The functions of 


area where pe ia 
n muscles and to facilitate the 


bursae are to cushion certal 
movement of tendons or muscles ov 
surfaces. A tendon sheath is a modifie 


bricates the tendons of certain muscles, particularly 


er bony or ligamentoys 
d bursa that surrounds 


and lu 


those that cross the wrist and ankle joints. 
= Improperly fitted shoes or inappropriate shoes can 
\ cause joint-related problems. People who wear high- 
heeled shoes often have perpetual backaches and 
~ leg aches because their posture has to counteract the 
forward tilt of their bodies when standing or walking. Their 
knees are excessively bent and the spine is thrust forward at 
the lumbar curvature in order to maintain balance. Tightly 
fitted shoes, especially ones with pointed toes, may result in 
the development of hallux valgus. This condition isa 
deviation of the hallux (big toe) laterally toward the other 
toes. Hallux valgus is generally accompanied by the 
formation of a bunion at the medial base of the proximal 
phalanx of the hallux. A bunion is an inflammation and an 
accompanying callus that develops because of pressure and 
rubbing of a shoe. 


Hinds of Synovial Joints 


Synovial joints are classified into six main types according to 
the shape of their articular surfaces and the kinds of motion 
they permit. The six types are gliding, hinge, pivot, condy- 
loid, saddle, and ball-and-socket. 


Gliding = Gliding joints allow only side-to-side and back- 
and-forth movements with some slight rotation. This 1s the 
simplest type of joint movement. The articulating surfaces 
can be nearly flat, or one may be slightly concave and the 
other slightly convex (fig. 11.7). The intercarpal and inter- 
tarsal joints, the sternoclavicular joint, and the joint 


between the articular process of adjacent vertebrae are 
examples. 


isis ‘The structure of a hinge joint permits bending 10 
only one plane, much like the hinge of a door. In this type of 
articulation, the surface of one bone 1s 


: always concave and 
the other, convex (fig. 11 


8). Hinge joints are the most com 
mon type of synovial joint and include such specific joints as 
the knee, the humeroulnar articulation within the elbow 


and the joints between the phalanges 
ges. 


bursa Gk. byrsa. bag or purse 
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FIGURE 11.6 


Bursae and tendon sheaths are friction-reducing structures found 
in conjunction with synovial joints. (a) A bursa is a closed sac 
filled with synovial fluid. Bursae are commonly located between 
muscles or between tendons and articular capsules. (b) A tendon 


Pivot.) The movement ina pivot joint ts limited to rota- 


tion about a central axis. In this type of articulation, the 


articular surface on one bone is conical or rounded and fits 


into a depression on another bone (fig. 11.9). Examples are 


the proximal articulation of the radius and ulna for rotation 


of the forearm, as in turning a doorknob, and the articulation 
hetween the atlas and axis that enables rotational move- 


ment of the head. 
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sheath encapsulates a tendon through a joint capsule. Itisa 
closed, double-layered sac filled with synovial fluid, One layer of 
the sac is in contact with the tendon and the other layer is in 
contact with the joint capsule. 


Condyloid =A condyloid arriculation is structured so that 
an oval, convex articular surface of one bone fits into an 
elliptical, concave depression on another bone (see fig. 
11.7). This permits angular movement in two directions 
(biaxtal), as in an up-and-down and side-to-side motion. A 
condyloid joint does not permit rotational movement. The 


radiocarpal joint of the wrist ts an example. 
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FIGURE 11.7 
The locations of both gliding and condyloid joints. (a) Gliding between the metacarpal bones and the phalanges. (Note the 
joints are located between the proximal and distal carpals and diagrammatic representation of these joints showing the 
between the individual carpals. (b) Condyloid joints are located directions of possible movements.) 
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FIGURE 11.8 FIGURE 11.9 
A hinge joint permits only a bending movement (flexion and The atlas articulating with the axis forms a pivot joint that — 
extension). The hinge joint of the elbow involves the distal end of g rotational movement in one axis. (Note the diagrammatic 
the humerus articulating with the proximal end of the ulna. (Note representation showing the direction of possible movement ) 
the diagrammatic representation of this joint showing the Refer to figure 1).8 and determine which articulating bones of the 
direction of possible movement.) elbow region form a pivot joint, 
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bone 


Trapezium 


FIGURE 11.10 


A saddle joint is formed as the trapezium articulates with the 
base of the first metacarpal bone. (Note the diagrammatic 
representation of this joint.) 


Saddle = Each articular process of a saddle-shaped joint has a 
concave surface in one direction and a convex surface in 
another. This unique articulation is a modified condyloid joint 
that allows a wide range of movement. It is associated only 
with the thumb and is located at the articulation of the trape- 
zium of the carpus with the first metacarpal bone (tig. 11.10). 


Ball-and-Socket Ball-and-socket joints are formed by the 
articulation of a rounded convex surface with a cuplike cav- 
ity (fig. LIT). This type of articulation provides the great- 
est range of movement of all the synovial joints. Examples 
are the hip and shoulder joints. 

A summary of the various types of joints is presented in 


table 11.1. 


r Synovial fluid within synovial joints lubricates the 
articular surfaces and provides nounshment to the 
articular cartilages. Trauma to the joint causes the 

Y excessive production of synovial fluid in an attempt to 
cushion and immobilize the joint This leads to swelling and 
discomfort to the joint. The most frequent type of joint injury is 
a sprain. in which the supporting ligaments or the joint 
capsule are damaged to varying degrees 


Head of femur. 
into acetabulum 


Creek 


FIGURE 11.11 

A ball-and-socket articulation illustrated by the hip joint. (Note 
the diagrammatic representation showing the directions of 
possible movement.) 


ninmantn 


ii i 1 


' 


UITIUILY 


Movements at synovial joints are produced by the contraction of skeletal 
muscles that span the yoints and attach to or near the bones forming the 
articulations. In these actions, the bones act as levers, the muscles 
provide the force, and the joints are the fulera, or pivots. 


As previously mentioned, the range of movement at a syn- 
ovial joint is determined by the structure of the individual 
joint and the arrangement of the associated muscle and 
bone. The movement ata hinge joint, for example, occurs in 
only one plane, whereas the structure of a ball-and-socket 
joint permits Movement around many axes. Joint movements 
are broadly classified as angular and circular. Within each of 
these categories are specific types of movements, and cer- 
tain special movements may involve several of the specific 
types. 
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Table I Types of articulations 


Type Structure 
Fibrous joints Skeletal elements joined by fibrous 
connective tissue 
1. Suture Edges of articulating bones frequently serrated; 
Separated by thin layer of fibrous tissue 
2. Syndesmoses Articulating bones bound by interosseous 
ligament 
_ 3. Gomphoses Teeth bound into alveoli of bone by periodontal 


ligament 


Movements Example ; 
None Sutures between bones of 
the skull 
Slightly movable Joints between tibia-fibula 
and radius-ulna 
None Teeth secured into alveoli 


(sockets) 


re | 


- Cartilaginous joints Skeletal elements joined by fibrocartilage or 
' hyaline cartilage 


: 1. Symphyses Articulating bones separated by pad of 
fibrocartilage 
| 2. Synchondroses Mitotically active hyaline cartilage between 


5 skeletal elements 


Slightly movable Intervertebral joints; 
symphysis pubis and 
sacroiliac joint 

None Epiphyseal plates within 
long bones 


eee 


Synovial joints Joint capsule containing synovial membrane 
iY and synovial fluid 
1. Gliding Flattened or slightly curved articulating surfaces 
IL 
2. Hinge Concave surface of one bone articulates 
- with convex surface of another 
3. Pivot Conical surface of one bone articulates with a 
ky depression of another 
— 4. Condyloid Oval condyle of one bone articulates with 
“hh elliptical cavity of another 
5. Saddle Concave and convex surface on each articulating 


Angular 


Angular movements increase or decrease the joint angle pro- 
duced by the articulating bones. The four types of angular 
movements are flexion, extension, abduction, and adduction. 


Flexion Flexion (flek shun) ts a movement that decreas- 
es the joint angle on an antertor-posterior plane (fig. 
11.12). Examples of flexion are the bending of the elbow 
or knee. Flexion of the elbow joint is a forward movement, 
whereas flexion of the knee is a backward movement. Flex- 
ion in most joints is simple to understand, such as flexion 


flexion L flectere, to bend 


® 
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Sliding Intercarpal and intertarsal 
joints 

Bending motion in one plane Knee; elbow; joints of 
phalanges 

Rotation about a central axis Atlantoaxial joint; proximal 
radioulnar joint 

Biaxial movement Radiocarpal joint 


Wide range of movements 


Carpometacarpa 


of the head as it bends forward or the flexing of a digit, 
but flexion of the ankle and shoulder joints needs further 
explanation. In the 


ankle joint, flexion occurs as the dor- 
sum of the foot is elevated. This movement ts frequently 
call dorsiflexion (fig. 11.13). Pressing the foot downward 
(as in rising on the toes) is plantar flexion. The shoulder 
joint is flexed when the arm is broughe forward, thus 
decreasing the joint angle. 


Extension In extension (ik-sten’shun), which is the 
reverse of flexion, the joint angle is increased (fig. 11.12). 
Extension returns a body part to the anatomical position. 


POCO o or ereceseecccrcccccreccceceeceoces 


extension L ex, oul, away from. tendere, stretch 


Extension of 
the hip joint 


SS 


Flexion of the 
hip joint 


| 


Flexion of the 
knee joint 


Extension of the 
knee joint 


FIGURE 11.12 

Examples of flexion and extension. Contraction of the posterior 
thigh muscles with the femur held rigid results in flexion at the 
knee joint as the leg is moved posteriorly. Contraction of the 
and thigh muscles with the thigh and leg held ngid 
wer extremity is moved 


rior hip and thigh muscles 


of the poste 


joint as the lower extremity 1s moved posteriorly 


In an extended joint, the angle between the articulating 
hones is 180°. The exception to this is the ankle joint, in 
2902 angle between the foot and the lower 
position. Examples of extension are 
bow or knee joints from flexion 
part of the body 
rso that the 


which there ts 
leg in the anatomical 
the straightening of the el 
positions. Hyperextension occurs when a 
is extended beyond the anatomical positior 
joint angle is greater than 180°. An example of hyperex- 
tension ts bending the head backward. 

femoral stress 
This 


by tenderness and aching 


ry in runners is pate! 


A common injury 
drome mmonly called ‘runner's knee 


jer the patella, During normal 


} 
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Dorsiflexion 


Plantar flexion 


FIGURE 11.13 


Dorsiflexion and plantar flexion at the ankle joint. 


syndrome, the patella rubs laterally, causing irritation to the 
membranes and articular cartilage within the knee joint. 
Joggers frequently experience this condition from prolonged 
running on the slope of a road near the curb rather than ona 


flat surface. 


Abduction Abduction is the movement of a body part away 
from the main axis of the body, or away from the midsagittal 
plane, ina lateral direction (fig. 11-14). This term usually 
applies to the arm or leg but can also apply to the fingers or 
toes, in which case the line of reference is the longitudinal 
axis of the limb. Examples of abduction are moving the arms 
sideward and away from the body or spreading the fingers apart. 
Adduction Adduction, the opposite of abduction, is the 
movement of a body part toward the main axis of the body 
(fig. 11.14). In the anatomical position, the arms and legs 
have been adducted toward the midplane of the body. 


Circular 


Joints that permit circular movement are composed of a 
hone with a rounded or oval surface that articulates with 
a corresponding cup or depression on another bone. The 
two basic types of circular movements are rotation and 


circumduction,. 


PTOUTTTTTITIT TT 
abduction L adducere. lead away 
adduction L adductus, bring to 
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Pe] 

Abduction of Adduction of the 
the lower lower extremity 
extremity at al the coxal 

the coxal (hip) joint 


(hip) joint 


FIGURE 11.14 


Abduction and adduction of the lower extremity at the coxal (hip) 


joint reference to the main axis of the body. 


Rotation Rotation is the movement 
of a body part around its own axis (see 
fig. 11.9). There ts no lateral displace- 
ment during this movement. Examples 
are turning the head from side to side 
ina “no” motion and moving the fore- 
arm from a palm-up position to a 
palm-down position. 

Supination is a specialized rota- 
tion of the forearm that results in the 
palm of the hand bemyg turned forward 
(anteriorly). In the supine position, 
the ulna and radius of the forearm are 
parallel and in the anatomical post 


eee e ween 


rotation’ L. rofare, a wheel 


FIGURE 11.16 


Circumduction of the 
shoulder joint. 


Supination 


(a) 


FIGURE 11.15 


Supination (a) and pronation (b) of the hand. (Note the relative 
position of the ulna and radius in both positions.) Pronation 


requires medial rotation of the forearm relative to the anatomical 
position. 


Circumduction 


Pronation 


(b) 


tion. Pronation is the opposite of 
supination (fig. 11.15). It is a rota- 
tional movement of the forearm 
that results in the palm of the 
hand being directed backward 
(posteriorly). 


Circumduction §Circumduction 
is the circular, conelike movement 
of a body part. The distal extremt- 
ty forms the circular movement 
and the proximal attachment 
forms the pivot (fig. 11.16). This 
type of motion ts possible at the 
shoulder, wrist, trunk, hip, and 
ankle joints. 
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special Movements 


Because the terms used to describe generalized movements 
around axes do not apply to the structure of certain joints, 
other terms must be used to describe the motion of such 
joints. 


Inversion = Inversion is the movement of the sole of the 
foot inward or medially (fig. 11.17). The Pivot axes are at 
the ankle and intertarsal joints. 


Eversion = Eversion is the opposite of inversion and is the 
movement of the sole of the foot outward or laterally (fig. 
11.17). Both inversion and eversion are clinical terms usu- 
ally used to describe developmental abnormalities. 


Protraction = Protraction is the movement of part of the 
body forward on a plane parallel to the ground. Examples 
are thrusting out the lower jaw (fig. 11.18) or movement of 
the shoulder and upper extremity forward. 


Retraction Retraction is the pulling back of a protracted 
part of the body ona plane parallel to the ground (fig. 
11.18). Retraction of the mandible brings the lower jaw 
back in alignment with the upper jaw so that the teeth 
occlude. 


Eversion 


Inversion 


FIGURE 11.17 


Inversion and eversion of the foot on the intertarsal joints 


Elevation Elevation is a movement that results in a part 
of the body being lifted upward. Examples of elevation 
include elevating the mandible to close the mouth (fig. 
11.18) or lifting the scapula to shrug the shoulder. 


Depression = Depression is the opposite of elevation. Both 
the mandible (fig. 11.18) and shoulders are depressed when 
moved downward. 

A visual summary of many of the movements permitted 
at synovial joints is presented in figures 11.19-11.21. 


Promechanics of Body Movement 


A lever is any rigid structure that turns about a fulcrum when 
force is applied. Because bones are rigid structures that can 
be moved at synovial joints in response to applied forces, 
they fit the criteria of levers. There are four basic compo- 
nents toa lever: (1) a rigid bar or other such structure; (2) a 
pivot or fulcrum; (3) an object or resistance that is moved; 
and (4) a force that is applied to one portion of the rigid 
structure. 

Levers are generally associated with machines but also 
apply to other mechanical structures, such as the human 
body. Synovial joints are usually the fulcra (F), the muscles 
provide the force, or effort (E), and the bones are the rigid 
lever arms that move the resisting object (R). 


Elevation 


Depression 
Protraction 


fie Retraction 
FIGURE 11.18 


Protraction, retraction, elevation, and depression of the lower jaw. 
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(a) ) XK (c) 
(d) (e) (f) ) (h) J 


FIGURE 11.19 
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A photographic summary of joint movements. (a) Adduction of column; (g) flexion of shoulder, hip, and knee joints of right 
shoulder, hip, and carpophalangeal joints; (b) abduction of side of body; extension of elbow and wnist i sail eh reifle : 
shoulder, hip, and carpophalan geal joints; (c) Peer of nght ankle joint; (h) hyperextension of shoulder an j fin join 
vertebral column: (d) lateral flexion of vertebral column; on right side of body; plantar flexion of nght ankle joint 


(e) flexion of vertebral column; (f) hyperextension of vertebral 


ED 
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(b) 


(d) 

FIGURE 11.20 hyperextension of the hip joint and flemon and extension of the 

A visual summary of some angular movements at synovial joints. knee joint; (e) adduction and abduction of the arm and fingers; 

(a) Flexion, extension, and hyperextension in the cervical region; (f) posterior view of abduction and adduction of the hand at the | 

(b) flexion and extension at the knee joint and dorsiflexion and wrist joint. (Note that the range of abduction at the wrist joint is 
less extensive than the range of adduction as a result of the 


plantar flexion at the ankle joint; (c) flexion, extension, and 
hyperextension at the wrist joint; (d) flexion, extension, and length of the styloid process of the radius.) 


FIGURE 11.21 


iry of some angular 


(b) 
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(a) (b) 


There are three kinds of levers, determined hy the 
arrangement of their parts (fig. 11.22). 


l In a first-class lever, the fulcrum as positioned between the 
effort and the resistance. The sequence of parts ina first-class 
lever is much like that of a seesaw—a sequence of resistance- 
pivot-etfort. Scissors and hemostats are mechanical examples of 
first-class levers. In the body, the head at the adantooccipital 
(at-lan “‘to-ok-stpTtal) joint is a first-class lever. The weight of the 
skull and facial portion of the head is the resistance, and the 
posterior neck muscles that contract to maintain the balance of 
the head on the joint are the effort. 


2 In a second-class lever, the resistance is positioned between 
the fulcrum and the effort. The sequence of arrangement is pivot- 
resistance-effort, as ina wheelbarrow or the action of a crowbar 
when one end ts placed under a rock and the other end lifted. 
Contraction of the calf muscles (E) to elevate the body (R) on the 
toes, with the ball of the foot acting as the fulcrum, is another 


example. 


3 Ina third-class lever, the effort lies between the fulcrum and 
the resistance The sequence of the Parts ts pivor-cffort-resistance, 
as inthe action of a pair of forceps in grasping an obyect. The 
third-class lever is the most common type within the body. The 
flexion at the elbow ty an example. The effort occurs as the biceps 
brachii muscle ts contracted to move the resistance of the forearm 


with the elbow yornt forming the fulcrum 


Fach bone-muscular interaction ata synovial joint 
forms some kind of lever system. The specific kind of lever 
is not always easy to identity. Certain joints are adapted for 
power at the expense of speed, whereas most are clearly 
adapted for speed. The specific attachment of muscles that 
span a joint plays an extremely important role in deter- 


FIGURE 11.22 
The three classes of levers. (a) In a first. 
class lever, the fulcrum (F) is positioned 
between the resistance (R) and the effort 
(E). (b) In a second-class lever, the 

E resistance is between the fulcrum and the 
effort. (c) In a third-class lever, the effort is 
between the fulcrum and the resistance, 


yal Creek 
’ Pa 
——t_ «ah 


(c) 


mining the mechanical advantage. The position of the 
insertion of a muscle relative to the joint is an important 
factor in the biomechanics of the contraction. An inser- 
tion close to the joint (fulcrum), for example, will produce 
a faster movement and greater range of movement than an 
insertion that is farther away from the joint. An attach- 
ment far from the joint takes advantage of the lever arm of 
the bone and increases power at the sacrifice of speed and 
range of movement. 


apecific Joints of the Body 


Of the numerous jomts im the body, some have spectal structural 


features that enable them to perform paracular functions, Furthermore, 


these joints are somewhat vulnerable to trauma and are therefore 
clinically emportant. 


lemporomandibular Joint 


The temporomandibular joint is the only synovial joint in 
the skull and represents a unique combination of a hinge 
joint and a gliding joint (fig. 11.23). It is formed by the 
mandibular condyle of the mandible articulating with the 
mandibular fossa and the articular tubercle of the temporal 
bone. An articular dise separates the JOINE Cavity Into super 
nor and interior compartments. 

Three ligaments support and reinforce the Lemporo- 
mandibular joint. The lateral ligament of the temporo- 
mandibular joint is positioned on the lateral side of the 
jomnt capsule and ty covered by the parotid gland. This 
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Lateral ligament of temporomandibular joint 
Joint capsule 
External acoustic meatus 


Tympanic portion 


‘\ N Vy \ 
\\aa SS 
Sf oy 
‘. 
Styloid process. \ 


Stylomandibular ligament 


Sphenomandibular ligament 


ligament 


Mylohyord groove 
(b) 


FIGURE 11.23 


The temporomandibular joint. (a) 


ligament prevents the head of the mandible from being dis- 
placed posteriorly and fracturing the tympanic plate when 
the chin suffers a severe blow. The stylomandibular liga- 
ment is not directly associated with the joint but extends 
inferrorly and anteriorly from the stylowd process to the pos- 
terior border of the ramus of the mandible. A spheno- 
mandibular (sfe “no-man-dib yie-lar) ligament crosses on the 


Stylomandibular 


A lateral view, (b) a medial view, and (c) a sagittal view, a , 


\ Coronoid process 


.)* ; of mandible 
. “ 


: Neck of mandible 


Articular surface of 
* mandibular fossa 
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Artigular tubercle 


Ststsl- eo ae 


medial side of the joint from the spine of the sphenoid bone 
to the ramus of the mandible. 

The movements of the temporomandibular joint 
include depression and elevation of the mouth as a hinge 
joint, protraction and retraction of the yaw as a gliding joint, 
and lateral rotatory movements. The lateral motion is made 
possible by the articular diye. 
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by applying firm pressure to the area in front of your 

auricle and opening and closing your mouth. This 

joint is most vulnerable to dislocation when the 
mandible is completely depressed, as in yawning. Relocating 
the jaw is usually a simple task, however, and is 
accomplished by pressing downward on the molar teeth 
while pushing the jaw backward. 

Temporomandibular joint (TMJ) syndrome is a recently 
recognized ailment that may afflict an estimated 75 million 
Americans. The apparent cause of TM] syndrome is a 
malalignment of one or both temporomandibular joints. The 
symptoms of the condition vary from moderate and 
intermittent pain to intense and continuous pain in the head, 
neck, shoulders, or back. Some vertigo (disorientation of 
coordination) and tinmitus (ringing in ear) may be 
expenenced. 


\ The temporomandibular joint can be easily palpated 


Ligaments 


Coracoclavicular 


Acromioclavicular 
Coracoacromial 
Coracohumeral 


Bursae 
Subacromial 
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Subcoracoid 
Subdeltoid 


Subscapular 


Transverse 
humeral 
retinaculum 
Tendon of 
long nead of 
biceps brachii m 


Humerus 


FIGURE 11.24 

The humeroscapular 
(shoulder) joint 

(a) An antenor view, 
b) a coronally 
sectioned antenor view 
(c) a postenor view ind 
(dq) a jateral view with the 


humerus removed 


———— Subacromial 


Aumeral (Shoulder! Jot 


The shoulder joint is formed by the articulation of the 
head of the humerus with the glenoid cavity of the scapu- 
la (fig. 11.24). It is a ball-and-socket joint and the most 
freely movable joint in the body. A circular band of fibro. 
cartilage called the glenoid labrum passes around the rim 
of the shoulder joint to deepen the glenoid cavity (fig. 
11.24). The shoulder joint is protected from above by an 
arch formed by the coracoid process and acromion of the 
scapula and by the clavicle. 


Peewee eeeeeeesseseeseeseseseeseneeee 


labrum: L. /abrum, lip 


Supraspinatus m 


Tendon of supraspinatus m 


Acromion 


Subacromial 
bursa 


Coracoid 
process 


Articular 
capsule 


Clavicle 
Coracoid process 
Acromion 


Tendon of long 
head of biceps brachii m 


Bursae 


Subdeltoid 
Subcoracoid 
Articular capsule 


Glenoid tossa 


Glenoid labrum eee. h 
a LE 


(d) 


Marshburn/Waldrop 
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Although two ligaments and one retinaculum sur- 
round and support the shoulder joint, most of the stability 
of this joint depends on the powerful muscles and tendons 
that cross over it. Thus, it is an extremely mobile joint in 
which stability has been sacrificed for mobility. The cora- 
cohumeral (kor “a-ko-hyoo’mer-al) ligament extends from 
the coracoid process of the scapula to the greater tubercle of 
the humerus. The joint capsule is reinforced with three lig- 
amentous bands called the glenohumeral ligaments. The 
final support of the shoulder joint is the transverse humer- 
al retinaculum, a thin band that extends from the greater 
tubercle to the lesser tubercle of the humerus. 

Y infraspinatus, and teres minor muscles, which 

together form the musculotendinous (rotator) cuff. The 

cuff is fused to the underlying capsule, except in its inferior 
aspect. Because of the lack of inferior stability, most 
dislocations (subluxations) occur in this direction. The 
shoulder is most vulnerable to trauma when the joint is fully 
abducted and a sudden force from the superior direction is 
applied to the appendage. Degenerative changes in the 


musculotendinous cuff produce an inflamed, painful 
condition known as pericapsulitis. 


The stability of the shoulder joint is provided only by 
the tendons of the subscapularis, supraspinatus, 


Two major and two minor bursae are associated with 
the shoulder joint. The larger bursae are the subdeltoid 
bursa, located between the deltoid muscle and the joint cap- 
sule, and the subacromial bursa, located between the 
acromion and joint capsule. The subcoracoid bursa lies 
between the coracoid process and the joint capsule and is 
frequently considered an extension of the subacromial bursa. 
A small subscapular bursa is located between the tendon 
of the subscapularis muscle and the joint capsule. 

\ sudden jerks of the arm, especially in children before 
strong shoulder muscles have developed Because of 
~ the weakness of this joint in children, parents should 
be careful not to force a child to follow by yanking on the 
arm. Dislocation of the shoulder is extremely painful and 


may cause permanent damage or perhaps muscle atrophy 
due to disuse 


how Joint 


There are three specific articulations in the elbow region, 
two of which constitute the elbow joint (fig. 11.25). The 
elbow joint isa hinge joint, formed by the trochlea of the 
humerus articulating with the trochlear notch of the ulna 
(humeroulnar joint) and the capitulum of the humerus 
articulating with the head of the radius (humeroradial 
joint). Although there are two sets of articulations at the 


The shoulder joint is vulnerable to dislocations from 


elbow joint, there is only one joint capsule and a large ole- 
cranon bursa to lubricate this area. A radial (lateral) col- 
lateral ligament reinforces the elbow joint on the lateral 
side and an ulnar (medial) collateral ligament strengthens 
the medial side. 


_s 


Because so many muscles originate or insert near the 
elbow, it is a common site of localized tenderness, 
inflammation, and pain. Tennis elbow 1s a general 
term for musculotendinous soreness 1n this area. The 
structures most generally strained are the tendons attached to 
the lateral epicondyle of the humerus. The strain is caused by 
repeated extension of the wrist against some force, as occurs 
during the backhand stroke in tennis. 


Metacarpophalangeal Joints and 
Mnterphalangeal Joints 


The metacarpophalangeal joints are condyloid joints and 
the interphalangeal joints are hinge joints. These joints 
are formed as the heads of the metacarpal bones articulate 
with the proximal phalanges and as the phalanges articu- 
late with one another (fig. 11.26). Each joint in both joint 
types has three ligaments. A palmar ligament spans each 
joint on the palmar, or anterior, side of the joint capsule. 
Each joint also has two collateral ligaments, one on the 
lateral side and one on the medial side, to further reinforce 
the joint capsule. There are no supporting ligaments on the 
posterior side. 


\ 


4 


Athletes frequently jam a finger. It occurs when a ball 
forcefully strikes a distal phalanx as the fingers are 
extended, causing a sharp flexion at the joint 
between the middle and distal phalanges. No 
ligaments support the joint on the posterior side, but there is a 
tendon from the digital extensor muscles of the forearm. It is 
this tendon that 1s damaged when the finger 1s jammed. 
Treatment involves splinting the finger for a period of time. If 
splinting is not effective, however, surgery will be necessary 
to avoid a permanent crook in the finger. 


Coral (Hip) Joint 


The ball-and-socket hip joint is formed by the head of the 
femur articulating with the acetabulum of the os coxa (fig. 
11.27). It bears the weight of the body and is therefore much 
stronger and more stable than the shoulder joint. The hip 
joint iy secured by a strong tibrous yomnt capsule, several lig- 
aments, and a number of powerful muscles. 

The primary ligaments of the hip joint are the ante- 
rior iliofemoral (il “e-o-ferm oral) and pubofemoral ligaments 
and the posterior ischiofemoral (is ke-o-fem ‘or-al) ligament. 
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FIGURE 11.25 
The right elbow region. (a) An anterior view, (b) a posterior view, 
(c) a sagittal section, (d) a lateral view, and (e) a medial view 


The ligamentum capitis femoris is located within the artic- 
ular capsule and attaches the head of the femur to the 
acetabulum. The transverse acetabular (as ” d-tab ‘yie-lar) 
ligament crosses the acetabular notch and CONNECT fo the 
joint capsule and the ligamentum capitis femoris. The 
acetabular labrum, a ftibrocartilaginous rim that rings the 
head of the femur as it articulares with the acetabulum, ts 
attached to the margin of the acetabulum. 


Annular ligament 


Tendon of biceps 
brachn m. (cut) 


(e) 


Coronoid process Ulnar collateral ligament 


\ Osteoarthritis isa degenerative disease of the 


a 


articular cartilage of synovial joints accompanied by 
the formation of bony spurs in the joint cavities 
Immobility results if the hip joint is severely afflicted 
with this disease Fortunately, the entire hip joint can be 
replaced in a procedure called hip arthroplasty During this 
surgery, the acetabulum is replaced by a low-fnction 
polyethylene socket, which is fit into the os coxa using bone 
cement. The head of the femur is replaced by a stainless steel, 
ball-shaped prosthesis (see fig. 11.31) 
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FIGURE 11.27 


The right coxal (hyp) joint. (a) An 
anleror view, (b) a postenor view 
and (¢) a coronally sectioned 
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FIGURE 11.26 
Metacarpophalangeal and 
interphalangeal joints. 

(a) A lateral! view, (b) an 
antenor (palmar) new, and 
(c) a postenor view. 
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FIGURE 11.28 


The right tibiofemoral (knee) joint. (a) An anterior view, 
(b) a superficial posterior view, (c) a lateral view showing 


Titiofemoral (Hnee! Jomnt 


The knee joint 1s the largest, most complex, and probably the 
most vulnerable joint in the body. The knee joint is formed as 
the femur and the tibia articulate. [tis a complex hinge joint 
that permits limited rolling and gliding movements, in addi- 
tion to flexion and extension, On the anrertor side, the knee 
joint ty stabilized and protected by the patella and the patel- 


lar ligament, forming a gliding patellofemoral joint. 


Posterior cruciate ligament 


Anterior cruciate ligament 


Medial meniscus 
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of femur 
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the bursae, (d) an anterior view with the knee slightly flexed 
and the patella removed, and (e) a deep posterior view. 


Because of the complexity of the knee joint, only the 
relative positions of the ligaments, menisci, and bursae will 
be covered here. Although the detailed attachments and 
functions will not be discussed, the locations of these struc 
tures can be seen in figure 11.28. 

In addition to the patella and the patellar ligament on 
the anterior surface, the tendinous insertion of the quadr- 
ceps femoris muscle forms two supportive bands called the 
lateral and medial patellar retinacula (vet tnak vila), Four 
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bursae are associated with the anterior aspect of the knee: 
the subcutaneous prepatellar bursa, the suprapatellar 
bursa, the cutaneous prepatellar bursa, and the deep infra- 
patellar bursa. 

The posterior aspect of the knee is referred to as the 
popliteal fossa. The broad oblique popliteal ligament and 
the arcuate (ar kyoo-at) popliteal ligament are superficial 
in position, Whereas the anterior and posterior cruciate 
(kroo’she-at) ligaments are deep within the joint. The 
popliteal bursa and the semimembranosus bursa are the 
two bursae associated with the back of the knee. 

Strong collateral ligaments support both the medial 
and lateral sides of the knee joint. Two fibrocartilaginous 
discs, the lateral and medial menisci, are located within the 
knee joint interposed between the distal femoral and prox- 
imal tibial condyles. The two menisci are connected by a 
transverse ligament. Several other bursae are associated 
with the knee joint. In addition to the 4 on the anterior side 
and the 2 on the posterior side, there are 7 bursae on the 
lateral and medial sides, for a total of 13. 


= During normal walking, running, and supporting of 
the body, the knee joint functions superbly. It can 
tolerate even moderate stress without tissue damage. 
~ However. the knee lacks bony support to withstand 
sudden forceful stresses, such as commonly occur among 
professional athletes. Knee injuries frequently require surgery 
and heal with difficulty due to the avascularity of the 
cartilaginous tissue. Because this joint is potentially so 
vulnerable, it is important to appreciate its limitations by 
understanding its anatomy. 


Talocrural (Anhle/ Joint 


There are actually two principal articulations within the ankle 
joint, both of which are hinge joints. One articulation is 
formed as the distal end of the tibia and its medial malleolus 
articulate with the talus; the other is formed as the lateral 
malleolus of the fibula articulates with the talus (fig. 11.29). 

One joint capsule surrounds the articulations of the 
three bones, and four ligaments support the ankle joint on 
the outside of the capsule. The strong deltoid ligament ts asso- 
ciated with the tibia, whereas the lateral collateral ligaments, 
anterior talofibular (ta‘‘lo-fibyi-lar) ligament, posterior 
talofibular ligament, and calcaneofibular (kal-ka‘ne-o-fib yit- 
lar) ligament are associated with the fibula. 

The malleoli form a cap over the upper surface of the 
talus that prohibits side-to-side movement at the ankle joint. 
Unlike the condyloid joint at the wrist, the movements of 
the ankle are limited to flexion and extension. Dorsitlexion 
of the ankle ts checked primarily by the tendo calcaneus, 
whereas plantar flexion, or ankle extenston, ty checked by 
the tension of the extensor tendons on the front ot the yornt 
and the anterior portion of the yount capsule. 


Cruciate L crucis, cross 


They vary widely in seriousness but tend to occur in 
certain locations. The most common cause of ankle 
” sprain is excessive inversion of the foot, resulting in 


a Ankle sprains are a common type of locomotor injury. 


partial tearing of the anterior talofibular hgament and the 
calcaneofibular ligament. Less commonly, the deltoid 
ligament is injured by excessive eversion of the foot. Torn 
ligaments are extremely painful and are accompanied by 
immediate local swelling. Reducing the swelling and 
immobilizing the joint are about the only treatments for 
moderate sprains. Extreme sprains may require surgery and 


casting of the joint to facilitate healing. 


A summary of the principal joints of the body and their 
movement is presented in table 11.2. 


Clinical Considerations 


A synovial joint is a remarkable biologic system that acts as 
aself-lubricating weight-bearing surface, able to move with 
almost frictionless precision under tremendous loads and 
impacts. Under normal circumstances and in most people, 
the many joints of the body perform without problems 
throughout life. Joints are not indestructible, however, and 
are subject to various forms of trauma and disease. Although 
not all of the diseases of joints are fully understood, med- 
ical science has made remarkable progress in the treatment 
of arthrological problems. 


Trauma to Joints 


Joints are well adapted to withstand compression and tension 
forces. Torsion or sudden impact to the side of a joint, how- 
ever, can be devastating. These types of injuries frequently 
occur in athletes. 

In a strained joint, unusual or excessive exertion 
stretches the tendons spanning the joint or surrounding mus- 
cles, but it causes no serious damage. Strains frequently result 
from not “warming up,” or activating joints and muscles, 
prior to strenuous activity. A sprain is a tearing of the liga- 
ments or tendons that surround a joint. There are various 
grades of sprains, and the severity will determine the treat- 
ment. Severe sprains of the knee joint are frequently accom- 
panied by damage to articular cartilages and menisci that 
generally requires surgery. Sprains are usually accompanied by 
synovitis (smG-vi/us), an inflammation of the joint capsule. 

Luxation, or joint dislocation, 1s derangement of the 
articulating bones that compose the joint. Joint dislocation 
is more serious than a sprain and ts usually accompanied by 
sprains. The shoulder and knee joints are the most vulnera- 
ble to dislocation. Self-healing of a dislocated joint may be 


jJuxation L. /uxus, out of place 
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FIGURE 11.29 


The right talocrural (ankle) joint. (a) A lateral view, (b) a 
medial view, and (c) a postenor view. 
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incomplete; for example, leaving the person with a “trick caused by excessive stress on the bursa from overexertion 
knee” that may unexpectedly give way. or it may be a local or systemic inflamm; ory process. As the 
's c ° e + ‘ 
Subluxation ts partial dislocation of a joint. Subluxa- bursa swells, the surrounding muscles become sore and stiff 
: . Ane : 
tion of the hip joint tsa common type of birth defect that Tendonitis involves the tendon, in or out of a tendon sheath 
can be treated by bracing or casting the hip joints to pro- and usually comes about in the same way as bursitis. 
mote suitable bone development. The flexible vertebral column isa marvel of mechanical 
Bursitis (biases) is an inflammation of the bursa asso- engineering. Not only do the mdividual vertebrae articulate 
ciated with a joint. Because of tty Close proximity to the joint, one with another, but together they form the portion of the 
bursitis may affect the point capsule as well. Bursitis may be axial skeleton with which the head, ribs, and pelvic girdle 
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I joints 
nandibular 


mal radioulnar 
radioulnar (side-to-side) 


‘arpal (wrist) 


rpophalangeal 
halangeal 
5 pubis 


Fibrous (suture) 
Synovial (hinge; gliding) 
Synovial (condyloid) 
Synovial (pivot) 


Cartilaginous (symphysis) 
Synovial (gliding) 
Cartilaginous (symphysis) 
Synovial (gliding) 
Synovial (gliding) 
Synovial (gliding) 
Cartilaginous (symphysis) 
Synovial (gliding) 
Synovial (ball-and-socket) 


Synovial (hinge) 
Synovial (pivot) 
Fibrous (syndesmosis) 
Synovial (condyloid) 
Synovial (gliding) 
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Synovial (saddle) 
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Synovial (hinge) 

Fibrous (symphysis) 
Synovial (ball-and-socket) 


Synovial (hinge) 
Synovial (gliding) 
Fibrous (syndesmosis) 
Synovial (hinge) 


Movement 


Immovable 

Elevation, depression; protraction, retraction 
Flexion, extension, circumduction 

Rotation 


Slight movement 

Flexion, extension, slight rotation 

Slight gliding movement; may fuse in adults 
Slight movement during breathing 

Slight movement during breathing 

Slight movement when shrugging shoulders 
Slight movement during breathing 
Protraction, retraction; elevation, depression 


Flexion, extension; adduction, abduction; rotation 
circumduction 


Flexion, extension 
Rotation 
Slight movement 


Flexion; extension; adduction, abduction, circumd| 
A : 


Slight movement 


Flexion, extension; adduction, abduction 
Flexion, extension; adduction, abduction 
Flexion, extension; adduction, abduction 
Flexion, extension 

Slight movement 


Flexion, extension; adduction, abduction; rotatio 
circumduction 


Flexion, extension; slight rotation when flexed 
Slight movement 
Slight movement 


Dorsiflexion, plantar flexion; slight circumductic 
inversion, eversion 
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The sites of developing 

» synovial joints (freely 
movable joints) are discernible at 6 
weeks as mesenchyme becomes 
concentrated in the areas where 
precartilage cells differentiate (fig. 1). 
The future joints at this stage appear as 
intervals of less concentrated 
mesenchymal cells. As cartilage cells 
develop within a forming bone, a thin 
ilattened sheet of cells forms around the 
cartilaginous model to become the 
perichondrium. These same cells are 
continuous across the gap between the 
adjacent developing bone. Surrounding 
the gap, the flattened mesenchymal cells 
differentiate to become the joint capsule. 


Site of future 
joint cavity 


Cartilaginous 
model of bone 


Developing 
joint cavity 


Joint capsule 
Perichondnum 


(b) 


FIGURE 1 


Development of synovial toints. (a) At 6 weeks, different 


densi 


vill form (b) At 9 weeks, a basic synovial model ts present. At 
12 weeks, the synovial joints are formed 
free joint cavity (e.g.. interphalangeal joint); (d) a cavity 

containing menisci fe.g., knee joint), or (a) a cavity witha 


complete arnteular disc (e.g., sternoclavicular joint). 


ment of Synovial 


es of nesenchyme denote where the bones and joints 


ind have either (c) a 


Joints 


During the early part of the third 
month of development, the 
mesenchymal cells still remaining within 
the joint capsule begin migrating toward 
the epiphyses of the adjacent developing 
bones. The cleft eventually enlarges to 
become the joint cavity. Thin pads of 
hyaline cartilage develop on the surfaces 
ot the epiphyses in contact with the joint 
cavity. These pads become the articular 
cartilages of the functional joint. As the 
joint continues to develop, a highly 
vascular synovial membrane forms on 
the inside of the joint capsule and begins 
secreting a watery synovial fluid into the 
joint cavity. 


Articular 
disc 


In certain developing synovial joints, 
the mesenchymal cells do not migrate 
away from the center of the joint cavity. 
Rather, they give rise to cartilaginous 
wedges called menisci, as in the knee 
joint. or to complete cartilaginous pads, 
called articular discs, as in the 
sternoclavicular joint. 

Most synovial joints have tormed 
completely by the end of the third 
month. Shortly thereafter, fetal muscle 
contractions, known as quickening, 
cause Movement al these joints. Joint 
movement enhances the nutrition of the 
articular cartilage and prevents the fusion 
of connective tissues within the joint. 


Penosteum 


Bone 
Growth plate 
Epiphysis 


Synovial membrane 
Joint cavity 
Articular cartilages 


Waldrop 
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(a) 


FIGURE 11.30 


Scoliosis is a lateral 


region. It may be 


articulate. The vertebral column also encloses the spinal cord 
and provides exits for 31 pairs of spinal nerves. Considering all 
the articulations in the vertebral column and the physical 
abuse it takes, it is no wonder that back ailments are second 
only to headaches as our most common physical complaint. 
Our way of life causes many of the problems associated with 
the vertebral column. Improper shoes, athletic exertion, sud- 
den stops in vehicles, or improper lifting can all cause the 
back to go awry. Body weight, age, and general body condition 
influence a person's suscepubility to hack problems. 

The most common cause of back pain ts strained mus- 
cles, generally the result of overexertion. The second most 
frequent back ailment is a herniated disc. The dislodged 
nucleus pulposus of a disc may push against a spinal nerve 
and cause excruciating pain. The third most frequent hack 
problem is a dislocated articular facet between Wwo vertebrae, 
caused by sudden torsion of the vertebral column. The treat- 
ment of back ailments varies from bed rest to spinal manip- 
ulation to extensive surgery. 

Curvature disorders are another problem of the verte- 
bral column. Kyphosis (ki-fo sts) (hunchback) ts an exag- 
veration of the thoracic curve. Lordosis (swayback) ts an 
abnormal anterior convexity of the lumbar curve. Scoliosis 


(crookedness) is an abnormal lareral curvature of the ver- 


(b) 


tebral column (fig. 11.30), which may be caused by one leg 
being longer than the other or uneven muscular develop- 
ment on the two sides of the vertebral column. 


Diseases of Joints 


Arthritis is a generalized term for over 50 different joint dis- 
eases, all of which have the symptoms of edema, inflamma- 
tion, and pain. The causes of most kinds of arthritis are 
unknown, but certain types follow joint trauma or bacterial 
infections. There ts evidence that some types of arthritis are 
the result of hormonal or metabolic disorders. The most 
common forms are rheumatoid (roo ma-totd) arthritis, 
osteoarthritis, and gouty arthritis. 

In rheumatoid arthritis, the synovial membrane thick- 
ens and becomes tender and synovial fluid accumulates. This 
chanve ts usually tollowed by an invasion of fibrous Cissue 
and deterioration of the articular cartilage. When the car- 
tilage is destroyed, the exposed bone tissue ts pomned by the 
fibrous tissue and instigates ossification of the point. [tas 


PTTETETITELETETIT Trt re 
kyphosis Gk Ayphos. hunched 

lordosis Gk Jordos curving forward 

scohosis Gh sholasis. clookedness 


rheumatoid Gk fmeuma a tlowing 
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(a) 


FIGURE 11.31 


Two examples of joint prostheses. (a, b) The coxal (hip) joint and 
( 


(c. d) the tibiofemoral (knee) joint 


the joint ossification that causes the crippling effect of 
rheumatoid arthritis. This disease affects females slightly 
more than males and occurs most commonly between the 
ages of 30 and 50. 

Osteoarthritis is a degenerative joint disease that 
results from aging and irritation of the joints. Although 
osteoarthritis is far more common than rheumatoid arthritis, 
itis usually less damaging. Osteoarthritis ts a slow, progressive 
disease in which the articular cartilages gradually soften and 
disintegrate. The affected joints seldom swell, and the syn- 
ovial membrane is rarely damaged. As the articular carti- 
lage deteriorates, ossified spurs are deposited on the exposed 
fiend. causing pain and restricting the movement of articu- 
lating bones. Osteoarthritis most frequently affects the knee, 
hip, and intervertebral joints. 

Gouty arthritis results from a metabolic disorder in 
which an abnormal amount of uric acid is retained in the blood 
and sodium urate crystals are deposited in the JOU. The salt 
crystals irritate the articular cartilage and synovial membrane, 
causing swelling, tissue deterioration, and pain. If gout is not 
treated, the affected yount fuses. Males have a greater incidence 
of gout than females, and apparently the disease ts generically 
determined. About 85% of gout cases affect the joints of the 


(b) 


foot and leg. The most common joint affected is the metatar- 
sophalangeal joint of the hallux (great toe). 


Ireatment of Jont Disorders 


Arthroscopy (ar-thros ‘kd-pe) is widely used in diagnosing 
and, to a limited extent, treating joint disorders. Arthro- 
scopic inspection involves making a small incision through 
the skin and into the joint capsule through which the tube- 
like arthroscopic instrument is threaded. In arthroscopy of 
the knee, the articular cartilage, synovial membrane, menis- 
ci, and cruciate hgaments can be observed. Samples can be 
extracted, and pictures taken for further evaluation. 

Remarkable advancements have been made in the last 
15 years in joint prostheses (pros-the sez) (fig. 11.31). These 
artificial articulations do not take the place of normal, 
healthy joints, but they are a valuable option for chront 
cally disabled arthritis patients. 
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gout L gutta, a drop (thought to be Caused by “drops of viscous humors”) 
prosthesis’ Gk pros, in addition to thesis, a setting down 
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(c) 
FIGURE 11.31 Continued 


(d) 
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Important Clinical Terminology 


ankylosis Stiffening of a joint resulting in 


severe OF complete loss of movement. 


arthralgia (also arthrodynia) Severe pain 


within a joint. 


arthrolith =A gouty deposit ina joint. 


arthrometry The measurement of the range 


of movement ina yoint 


arthroncus Swelling of a joint due to 


trauma or disease 


Chapter oummary 


Classification of Joints (p. 224) 


1. Joints are formed as adjacent bones 
articulate. Arthrology is the science 
concerned with the study of joints and 
kinesiolagy is the study of movements 
involving certain joints 

2. Joints can be classified according to 
Structure or function 
a Structurally, joints are classified as 

fibrous, cartilaginous, and synovial 
types 


arthropathy Any disease affecting a joint. 
arthroplasty = The surgical repair of a joint. 
arthrosis A joint or an articulation; also, a 


degenerative condition of a jot. 


arthrosteitis 


An inflammation of the bony 


structure of a joint. 


chondritis 


An inflammation of the 


articular cartilage of a joint. 


coxarthrosis 


A degenerative condition of 


the hip joint. 


b. Functionally, joints are classified as 
synarthroses (immovable joints), 
amphiarthroses (slightly movable 
joints), and diarthroses (freely 
movable joints) 


Fibrous Joints (pp. 224-226) 


1 


Articulating bones in fibrous joints are 
tightly bound by fibrous connective 
tissue They are of three kinds: sutures, 
syndesmoses, and gomphoses 


hemarthrosis An accumulation of blood in 


a joint cavity. 


rheumatology The medical speciality 
concerned with the diagnosis and treatment 
of arthritis. 


spondylitis An inflammation of one or 


several vertebrae. 
synovitis The inflammation of the synovial 
membrane lining the inside of a joint capsule. 
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2. Sutures are found only in the skull and 
are Classified as serrate, lap, or plane. 

3. Syndesmoses are found only in the 
antebrachium and leg where adjacent 
bones are held together by interosseous 
ligaments. Slight movement is permitted 
at syndesmoses 

4 Gomphoses are found only in the skull 
where the teeth are bound into their 
sockets by the periodontal ligament 
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Cartilaginous Joints (pp. 226-227) 


1 


Cartilaginous joints have fibrocartilage or 
hyaline cartilage between the adjacent 
bones They are of two kinds: symphyses 
and synchondroses. 

The symphysis pubis and the 
intervertebral disc joints are examples of 
symphyses. 

Some synchondroses are temporary 
joints formed in the growth lines 
(epiphyseal plates) between the 
diaphyses and epiphyses in the long 
bones of children. Other synchondroses 
are permanent, such as the costal 
Cartilages of the rib cage. 


Synovial Joints (pp. 227-231) 
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Synovial joints are freely movable 
articulations between bones. 

Each synovial joint contains a joint 
capsule, articular cartilages. and synovial 
membranes that produce lubricating 
synovial fluid. In addition, some synovial 
joints contain a meniscus or menisci to 
assist joint movement 

The range of movement of a synovial joint 
iS determined by the structure of the 
articulating bones, the ligaments and 
tendons, and the muscles that act on the 
joint. 


Movements at Synovial Joints 
(pp. 231-238) 


1; 


Movements at synovial joints are 
produced by the contraction of the 


skeletal muscles spanning the joints and 

attaching to or near the bones forming 

the articulations. In these actions, the 
bones act as levers, the muscles provide 
the force, and the joints are the fulcra, or 
pivots 

Angular movements increase or decrease 

the joint angle produced by the 

articulating bones. 

a. Flexion decreases the joint angle on an 
anterior-posterior plane; extension 
increases the same joint angle. 

b. Abduction is the movement of a body 
part away from the main axis of the 
body; adduction is the movement of a 
body part toward the main axis of the 
body. 


. Circular movements can occur only in 


joints that are composed of a bone with a 

rounded surface articulating with a 

corresponding depression on another 

bone. 

a. Rotation is the movement of a bone 
around its own axis. 

b. Circumduction is a conelike movement 
of a body part. 


4. Special joint movements include 


inversion and eversion, protraction and 
retraction, and elevation and depression. 


. Synovial joints can be classified as first-, 


second-, or third-class levers. 

a. Ina first-class lever, the fulcrum is 
positioned between the effort and the 
resistance. 


b. Inasecond-class lever, the resistance 
is positioned between the fulcrum ang 
the effort 

c. Inathird-class lever, the effort lies 
between the fulcrum and the 
resistance. 


Specific Joints of the Body 
(pp. 238-245) 
_ The temporomandibular joint, a combined 


hinge and gliding joint, is of clinical 
importance because of 
temporomandibular joint (TMJ) 
syndrome. 


2. The humeral (shoulder) joint, a ball-and- 


socket joint, is vulnerable to dislocations 
from sudden jerks of the arm, especially 
in children, whose shoulder muscles are 
still developing 


3. There are two sets of articulations at the 


elbow as the distal end of the humerus 
articulates with the proximal ends of the 
ulna and radius. Strain on the elbow joint 
is common in certain sports. 


4. The ball-and-socket coxal (hip) joint is 


especially prone to osteoarthritis in 
elderly people. 


5. The hinged tibiofemoral (knee) joint is the 


largest, most vulnerable joint in the body 


6. There are two hinged articulations within 


the talocrural (ankle) joint. Ankle sprains 
are common injuries of this joint. 
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Review Activ! 


ties 


Objective Questions 


1. 


Which statement regarding joints is 

false? 

a. Joints are the locations where two or 
more bones articulate. 

b. The structural classification of joints 
includes fibrous, membranous, and 
cartilaginous types 

c. Arthrology is the study of joints, 
kinesiology is the study of the 
biomechanics of joint movement. 

Synchondroses are a type of 

a. fibrous joint 

b. synovial joint 

c. cartilaginous joint. 

_ Aninterosseous ligament is 
characteristic of 

a. a suture c. asymphysis 

b. asynchondrosis. d a syndesmosis. 

Which of the following joint type-function 

word pairs is incorrect? 


5 


a. synchondrosis/growth at the 
epiphyseal plate 

b. symphysis/movement at the 
intervertebral joint 

c. suture/strength and stability in the 
skull 

d. syndesmosis/movement of the jaw 

Which of the following is a false 

statement? 

a. Synchondroses occur only in children 
and young adults 

b. Sutures occur only in the skull. 

c. Saddle joints occur in the thumb and 
in the neck, where rotational 
movement is possible. 

d. Syndesmoses occur only in the 
antebrachium and leg. 

Which of the following is not 

characteristic of all synovial joints? 

a. articular cartilage 

b. synowal fluid 

Cc. ayjoint capsule 

d. ameniscus 


7. The atlantoaxial and the proximal 


radioulnar synovial joints are specifically 
Classified as 
a. hinge. 
b. gliding 


Cc. pivotal. 
d. condyloid. 


8. Which of the following joints can be 


readily and comfortably hyperextended? 
a. interphalangeal joint 

b. coxal joint 

Cc. tibiofemoral joint 

d. sternocostal joint 


9. Which of the following is most vulnerable 


to luxation? 
a. elbow joint Cc. coxal joint 
b. humeral joint d. tibiofemoral joint 


10. A thickening and tenderness of the 


synovial membrane and the accumulation 
of synovial fluid are signs of the 
development of 

a arthroscopitis 

b. gouty arthritis. 

c. osteoarthritis 

d. rheumatoid arthritis 


Downloaded from Durr-e-Danish, Library 


Essay Questions 5. What is synovial fluid? Where is it 9. What is meant by a sprained ankle? How 
1. What is meant by a structural Produced, and what are its functions? does a sprain differ from a Strain ora 
classification of joints. as compared toa 6. Describe a bursa and discuss its function. luxation? 
functional classification? What is bursitis? 10. What occurs within the joint capsule in 


rheumatoid arthritis? How does 


2. Why Is the anatomical position so Identify four types of synovial joints 
important in explaining the movements found in the wrist and hand region and rheumatoid arthritis differ from 
that are possible at joints? State the types of movement permitted by osteoarthritis? 
3. What are the structural components of a each a 
synovial joint that determine the range of 8. Discuss the articulations of the pectoral Activity Question . 
movement at that joint? and pelvic regions to the axial skeleton Refer to figure 11.32 and identify the joints 
4. What are the advantages of a hinge joint with regard to range of movement, being flexed 


FIGURE 11.32 


ssumes 


over a ball-and-socket type? If ball-and- 
socket joints allow a greater range of 
movement, why are not all the synovial 
joints of this type? 


ligamentous attachments, and potential 
Clinical problems. 


1 letal f 


1s a person 


Articulations 


Gundy/Weber Software lad 


The tutorial software accompanying Chapter 11 is Volume 4—Muscle System. 
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[ chapter twelve | 


paEDiives Ackiaapaees tedtaadMaiiitbiapenacece 


© Describe the arrangement of muscle fibers within a 
muscle and the banding pattern of a skeletal muscle 
fiber. 


Describe the nature of a muscle twitch and explain 
how summation and tetanus are produced. 


Distinguish between isometric and isotonic 
contractions and discuss the significance of the 
series-elastic component of muscles. 


Discuss the relationship between somatic motor 
neurons and skeletal muscles, noting the significance 
of motor units. 


Describe the sliding filament mechanism of 
contraction, noting how the bands in a muscle fiber 
change during contraction. 


Describe the cross-bridge cycle and the role of ATP in 
muscle contraction and muscle relaxation. 


Describe the function of actin, myosin, troponin, and 
tropomyosin in muscle contraction. 


Discuss the role of Ca** in muscle contraction and 
explain how electrical stimulation influences the 
availability of Ca. 


Define maximal oxygen uptake and oxygen debt. 


Describe the role of phosphocreatine in muscle 
contraction. 


Distinguish between fast-twitch and slow-twitch fibers 
and explain how muscles adapt to exercise training. 


Compare and contrast smooth muscle and skeletal 


muscle with respect to structure and contractile 
mechanisms. 


Explain how the mechanism of contraction is 
Mow a in smooth muscle. 
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atructure and Actions 


of oheletal Muscles 


Skeletal muscles are composed of individual muscle fibers that contract 
when stimulated by nerve impulses through motor neurons, Each motor 
neuron branches to mnervate a number of muscle fibers. Activation of 
varying numbers of motor neurons results m gradations m the strength 
of contraction of the whole muscle. . 


As described in chapter 6 and summarized in table 12.1, 
there are three types of muscle tissue: skeletal, cardiac, and 
smooth. Skeletal and cardiac muscle cells are striated, in 
contrast to the nonstriated cells of smooth muscle. Our 
focus in this chapter is on muscle structure and function; a 
detailed description of skeletal muscle anatomy is present- 
ed in chapter 13. 


Attachment of Muscles 


Skeletal muscles are usually attached to bone on each end by 
tough connective tissue tendons. When a muscle contracts, 
it shortens, and this places tension on its tendons and 
attached bones. The muscle tension causes movement of 
the bones at a joint, where one of the articulating bones gen- 
erally moves more than the other. The more movable bony 
attachment of the muscle, known as its insertion, is pulled 
toward its origin, which is its less movable attachment. 
Specialized tendons are identified by specific names. 
Flattened, sheetlike tendons, for example, are called aponeu- 
roses (ap” 0-noo-ro‘séz). An example is the galea aponeu- 
rotica over the skull (see fig. 13.5). In certain places, tendons 
are enclosed by protective tendon sheaths that lubricate the 
tendons with synovial fluid (see fig. | 1.6). In the ankle (see 
fig. 13.34) and in the wrist, the entire group of tendons is 
contained in place by a thin but strong band of connective 


tissue called a retinaculum (ret tnak’ yoo-lum). 


Associated Connective issue 


Contracting muscle fibers would be ineffective if they worked 
as isolated units. Each fiber is bound to adjacent fibers to 
~and the muscle bundles in turn are bound to 
other muscle bundles. In this arrangement, the contraction of 
muscle fibers in one area of a muscle works in conjunction 
g fibers elsewhere in the muscle. The binding 


form bundles 


with contractin 
structures within muscles are th 

A fibrous connective tissue, called fascia (fash e-d), ts 
found under the skin and binds adjacent muscles together. 
Fascia may he categorized as superficial or deep. Superfictal 


e associated COMNNECUVE CISSUCS. 


Coeecccceseseseceeseneesesesessseree 
aponeurosis: Gk. aponeurosis, Change into 4 tendon 
retinaculum: L. retinere, to hold back (retain) 
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fascia is the tissue that secures the hypodermis of the skin 
to the underlying muscles, and it varies in thickness through- 
out the body. For example, superficial fascia over the but- 
tock and anterior abdominal wall is thick and laced with 
adipose tissue. By contrast, the superficial fascia under the 
skin of the dorsum of the hand and facial region is thin. Deep 
fascia is an inward extension of the superficial fascia. It 
occurs between individual muscles and also surrounds adja- 
cent muscles to bind them into functional groups. Deep fas- 
cia generally lacks adipose tissue. 

Surrounding each muscle is a connective tissue sheath 
known as the epimysium (ep i-mis‘e-um) (fig. 12.1). The 
fibers of this sheath are continuous with those of the ten- 
dons. Additionally, the connective tissue fibers from the 
epimysium extend into the body of the muscle, subdividing 
it into bundles. These subdivisions within the muscle are 
known as fasciculi (fa-sik ‘yit-li), and are the “strings” in 
stringy meat. Each fasciculus is surrounded by its own con- 
nective tissue sheath, known as the perimysium. 

Dissection of a muscle fasciculus under a microscope 
reveals that it, in turn, is composed of many muscle fibers 
(or myofibers) surrounded by wisps of connective tissue called 
endomysium (fig. 12.1). Since the connective tissue of the 
tendons, epimysium, perimysium, and endomysium is con- 
tinuous, muscle fibers do not normally pull out of the ten- 
dons when they contract. 


oheletal Muscle Fibers 


The muscle fibers are actually the cells of the muscle. Despite 
their unusual fibrous shape, muscle fibers have the same 
organelles that are present in other cells: mitochondria, intra- 
cellular membranes, glycogen granules, and others. The most 
distinctive feature of skeletal muscle fibers, however, is their 
striated appearance when viewed microscopically (fig. 12.2). 
The striations (stripes) are produced by alternating dark and 
light bands that appear to cross the width of the fiber. 

The dark bands of skeletal muscle fibers are called 
A bands and the light bands are called 1 bands. At high 
magnification in an electron microscope, thin, dark lines 
can be seen in the middle of the I bands. These are called 
Z lines. The labels A, I, and Z are useful in describing the 
functional architecture of muscle fibers and were derived in 
the course of muscle research. The letters A and I stand for 
anisotropic and isotropic, respectively, which indicate the 
behavior of polarized light as it passes through these regions. 
The letter Z comes from the German word Zwischenscheibe, 
which translates to “between disc.” These derivations are of 
historical interest only. 


TTTTTITITI TTT 
fascia’ L fascia, a band or girdle 

epimysium: Gk. eps, upon; myos, muscle 
fasciculus L. fascis, bundle 

perimysium> Gk. peri, around, myos, muscle 


Muscle Tissue and Muscle Physiology 


‘Table Ie. | Summary of muscle tissue 


Type _—_— Structure and function Location 


Elongated, spindle-shaped fiber Walls of hollow internal 
with single nucleus; involuntary organs 
movements of internal organs 


Branched, striated fiber with Heart muscle 
single nucleus and intercalated 

discs; involuntary rhythmic 

contraction 


Chapter Twelve 


Multinucleated, striated, Spanning joints and attached 
cylindrical fiber; voluntary to bones of the skeleton 
movement of skeletal parts 


(eertt) eLALEI ITO 


ait rT) 


pit tbe | yanty iil | 


saat 
: vaya! n : 


256) 
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FIGURE 12.1 


The relationship between muscle 
tissue and connective tissue. (a) The 


fascia and tendon atta S s 
7 ¢ endon attaches a muscle the bone ‘ 

to the periosteum of a bone. (b) The \ / 

epimysium surrounds the entire Tendon Ly 
le) 

muscle, and the perimys:um 

separates and binds the fascicuh ee cent 

(muscle bundles). (c) The endomysium Fascia 


surrounds and binds inaividual 


muscle fibers. (d) An individual Skeletal 
muscle fiber is composed of —— 
myofibrils, which consist of Epimysium 
myohlaments of actin and myosin. 
Fasciculus 
Endomysium 


Striations 


Sarcolemma 


Sarcoplasm 


Myofilaments 


the muscular dystr 


seach yea! 


Duschenne muscular dystrophy is the most severe of 
phies, afflicting one out of 3,500 
This disease, inherited as an X-linked 


Periosteum covering 


Muscle 
fiber (cell) 


Myofibnils 


Types of Muscle Contractions 


The contractile behavior of skeletal muscles is more easily 


involves progressive muscular wasting 


and usually results in death by the age of 20 The product of the 
otein named dystrophin thats associated 


sive tral, 


studied in vitro (outside the body) than in vivo (within the 
body). When a muscle—tor example, the gastrocnemius (calf 


defective gene 1s a p! 
with the sarcolemma. Using this informaton, scientists have muscle) of a frog—ts studied in vitro, itis usually mounted so 
tests that can detect this disease 


ratory te 


-entesis. In the future, genetic 


recently developed lat that one end is fixed and the other is movable. The mechan- 


biained by amni 
therapy may be possible. This research 1s aide { 
development of a strain ol mice who have an equivalent form 
{ this disease for dystrophin are 


ical force of the muscle Contraction is transduced inte an 
electric current, which can be amplified and displayed as 


in fetal ce! 
y the 


When the “good ger pen deflections ina multichannel recorder (fig. 12.3). 
use embryos of this strain, the mice do not In this way, the contractile behavior of the whole muscle in 
develop the disease. Insertion of the gene into large numbers ol response to expermmentally admunistered electric shocks can 


re difficult and ha 


Mature muscle cells, however, 1s m be studied. 


currently met with only limited success 
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Nucleus 


Sarcolemina = a — ¥ 
te ' —— 


“- 
Sarcoplasm 


— —s : — - 
ee a = i — F — -_ 


Myofibrils 


FIGURE 12.2 


(a) A skeletal muscle fiber is composed of numerous threadlike 
strands of myofibrils that contain the mycfilaments of actin and 
myosin. A skeletal muscle fiber is striated and multinucleated. 


(b) A light micrograph of skeletal muscle fibers showing the Hipeeree ar rr thes 
i 


rt 


a1) 


striations and the peripheral location of the nuclei, Ht 
i 
’ etl 


Bt piherebaectgatte 


(b)) 


FIGURE 12.3 

(a) A physiograph recorder. (b) Photograph and (c) illustration of 
the behavior of an isolated frog gastrocnemius muscle in 
response to electrical shocks. 


(a) 


® 
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Twitch, Summation, and 
Tetanus When the muscle 
is stimulated with a single 
electric shock of a sufficient 
voltage, it quickly contracts 
and relaxes. This response 
is called a twitch. Increas- 
ing the stimulus voltage 
increases the strength of the 
twitch, up to a maximum, 
The strength of a muscle 
contraction can thus be 
graded, or varied. This is an 
obvious requirement for the 
proper control of skeletal 
movements. If a second elec- 
tric shock is delivered imme- 
diately atter the first, it will 
pre duce a second twitch that 
may partially ride piggyback 
on the first. This response is 
called summation. 

If the stimulator ts set 
to deliver an increasing fre- 
quency of electric shocks 
automatically, the relaxation 
time between successive 
tw itches will become short- 
erand shorter as the strength 
of contraction increases in 
amplitude. This effect is 
known as incomplete tet- 
anus. Finally, ata particular 


fusion frequency of stimula- 


(b) 


FIGURE 12.4 


tion, there is no visible 

. . : ; 
relaxation berween successive twitches (fig. 12.3). Contrac- 
tion is smooth and sustained, as itis during normal muscle 


contraction in VIVO. This smooth, sustained contraction 1s 


called complete tetanus. The term tetants should not be con- 
fused with the disease of the same name, which ts accompa- 
nied by a painful stare of muse le contracture, or tetany. 
Stimulation of fibers within a muscle in vitro with an 
electric stimulator, or in vivo by nerve impulses through 
motor neurons, usually results in maximal, all-or-none con- 


tractions of the individual fibers. 
stimulation of greater numbers 


Stronver muscle contrac- 


tions are produced by the 
of muscle fibers. Skeletal muscles can thus produce graded 


contractions, in which the strength can be varied by varia- 


tions in the number of muscle fibers stimulated to contract. 


(a) Isometric and (b) isotonic contraction. 


Treppe 
the clec trical shocks deliv- 
ered to an isolated muscle in 
vitro is gradually increased 
from zero, the strength of 
the muscle twitches will 
increase accordingly, up to 
a maximal value at which 
all of the muscle fibers are 
stimulated. This demon- 
strates the graded nature of 
the muscle contraction. Ifa 
series of electrical shocks at 
this maximal voltage is 
given to a fresh muscle, 
each of the twitches 
evoked will be successively 
stronger, up toa somewhat 
This 


demonstrates treppe, or 


higher maximum. 


the staircase effect. Treppe 
may represent a warm-up 
effect, and is believed to 
be due to an increase in 
the intracellular Ca** that 
is needed for muscle con- 
traction (as discussed in a 
later section). 


Isotonic and Isometric Con- 
tractions 
cle fibers to shorten when 


In order for mus- 


they contract, they must 
generate a force that is 
greater than the opposing 
forces that act to prevent movement of the muscle’s insertion. 
Flexion of the elbow joint, for example, occurs against the 
force of gravity and the weight of the objects being lifted (fig. 
12.4). The tension produced by the contraction of cach mus- 
cle fiber separately is insufficient to overcome these opposing 
forces, but the combined contractions of many muscle fibers 
may be sufficient to overcome the opposing forces and flex the 
elbow. In this case, the muscle and its stimulated muscle fibers 
shorten in length. 

Contraction that results in muscle shortening is 
called isotonic contraction, so-called because the force 
of contraction remains relatively constant throughout the 
shortening process. If, however, the opposing forces are 


isotonic Gk isos. equal, fonos, tension 
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If the voltage of 
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too great, or if the muscle fibers stimulated are too few in 
number to shorten the muscle 


» aN isometric contraction 1s 
produced. 


; Isometric contractions can be voluntarily produced; 
for example, by lifting a weight and maintaining the fore- 
arm ina partially flexed position. One can then increase the 
amount of muscle tension (force) until the tension exceeds 
the load and the muscle begins to shorten; at this point, iso- 


Metric Contraction is converted to lsotonic contraction. 


deries-Elastic Component 


In order for a muscle to shorten when it contracts, and cause 
its insertion to move toward its origin, the noncontractile 
parts of the muscle and the connective tissue of its tendons 
must first be pulled taut. These structures, particularly the 
tendons, have elasticity—they resist distension—and when 
the distending force is released, they tend to spring back to 
their resting lengths. Since the tendons are in series with 
the force of muscle contraction, they provide what is called 
the series-elastic component of muscle contraction. The 
series-elastic Component absorbs some of the tension as a 
muscle contracts, and must be pulled tight before muscle 
contraction can result in muscle shortening. 

When the gastrocnemius muscle was stimulated with a 
single electric shock ay described earlier, the amplitude of 
the twitch was reduced because some of the force of con- 
traction was used to stretch the series-elastic component. 
Delivery of a second shock quickly after the first thus pro- 
duced a greater degree of muscle shortening than the first 
shock, culminating at the fusion frequency of stimulation 
with complete tetanus, in which the strength of contraction 
was much greater than that of individual twitches. 

Some of the energy used to stretch the series-elastic 
component during muscle contraction is released by elas- 
tic recoil when the muscle relaxes. This elastic recoil helps 
the muscles to return to their resting length and ts of par- 
ticular importance for the muscles involved in breathing. 
As we will see in chapter 24, inspiration is produced by 
muscle contraction and expiration is produced by the elas- 
tic recoil of the thoracic structures that were stretched dur- 


ing inspiration. 


Motor Units 


Each muscle fiber receives a single axon terminal from a 
somatic motor neuron (fig. 12.5). The cell hody of a somatic 
motor neuron, located in the spinal cord, gives rise toa sin- 
gle axon (chapter 6). Each axon, however, can produce a 
number of collateral branches, with each branch innervating 
a different muscle fiber. A somatic motor neuron and all of 


isometric. Gk ¢sos, equal. metron, measure 


the muscle fibers that it innervates are referred to collec. 
tively as a motor unit (fig. 12.6). 

Whenever a somatic motor neuron ts activated, all of 
the muscle fibers that it innervates are stimulated to con. 
tract with all-or-none twitches. In the body, graded con. 
tractions of whole muscles are produced by variations in the 
number of motor units that are activated. In order to make 
these graded contractions smooth and sustained, as in com- 
plete tetanus, different motor units must be activated at 
slightly different times in rapid succession. 

Fine neural control over the strength of muscle con- 
traction is optimal when many small motor units are involved. 
In the ocular muscles (see fig. 13.7) that position the eyes, 
for example, the mnervation ratio (motor neuron: muscle fibers) 
of an average motor unit is | neuron per 23 muscle fibers, 
This affords a fine degree of control. By contrast, the inner- 
vation ratio of the gastrocnemius muscle (see fig. 13.36) aver- 
ages 1 neuron per 1000 muscle fibers. Stimulation of these 
motor units results in more powerful contractions at the 
expense of finer gradations in contraction strength. 

All of the motor units controlling the gastrocnemius 
are not the same size, however. Innervation ratios vary from 
1:100 to 1:2000. A neuron that innervates fewer muscle 
fibers has a smaller cell body and ts stimulated by lower lev- 
els of excitatory input than a larger neuron that innervates 
a greater number of muscle fibers. As a result, the smaller 
motor units are the ones that are used most often. When 
contractions of greater strength are required, larger and lary- 
er motor units are activated in what is known as recruit- 
ment of motor units. 


flechanisms of Co 


The bands within each muscle fiber are composed of two kinds of 
protem filaments, or myofilaments. The y 


A bands are composed of 
thick myofilaments and the 


! bands contam thin myofilaments 
Movement of cross bridges that extend from the thick to the thm 
myofilaments causes sliding of the myofilaments, and thus muscle 
tension and shortening. The acur tty of the cross 


bridges Is regulated by 
the availability of Ca++, 


| which 1s mereased by elecerical stemudation of 
the muscle fiber. Electrical sumulation produce 


muscle through the binding fC 
thin myofilaments. 


s contractions of the 
a++ to regulatory protems within the 


When muscle fibers are viewed in the electron microscope, 


each fiber is seen to be composed of many subunits known 
as myofibrils (mi~6-fi-brilz) (fiz. 12.7). Myofibrils are APPTON- 
imately | micrometer (1 pm) in diameter and extend in par 
allel rows from one end of the muscle fiber to the other. The 
myofibrils are so densely packed that other organelles, such as 
mitochondria and intracellular membranes, are restricted to 
the narrow cytoplasmic spaces that remain between adjacent 
myofibrils. 
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FIGURE 12.5 
A motor end plate at the neuromuscular junction. (a) A membrane of the axon and that of the muscle fiber.) (b)A 
neuromuscular junction is the site where the nerve fiber and photomicrograph of muscle fibers and motor end plates. A 
muscle fiber meet. The motor end plate is the specialized motor neuron and the muscle fibers it innervates constitute 
portion of the sarcolemma of a muscle fiber surrounding the a motor umit. 


terminal end of the axon. (Note the slight gap between the 
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FIGURE 12.6 


A diagram illustrating the innervation of muscle 
fibers by different motor units 


(Actually, many 


more muscle fibers would be included in a single 


motor unit than is shown in this drawing.) 


Motor neuron 


Motor unit 


Spinal cord 


Motor neuron 


Sarcoplasm 


Skeletal muscle 
fiber 


Sarcolemma 


(a) 


A band 


Myofilaments 
| band 


Z line 


FIGURE 12.7 


The structure of a myofibnil (a) Each of the many myofibrils of a skeletal muscle fibe 


11S arranged into 
compartments (b) called sarcomeres. (c) The characteristic striations 


ol a sarcomere due to the arrangement 
of thin and thick myohlaments, composed of actin and myosin, respectively. 
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Myofibril 


Myofioril 


FIGURE 12.8 


An electron micrograph of a longitudinal section of myofibrils, showing 
A, H, and I bands. (Note how the dark and light bands of each myofibril 


are stacked in register.) 


With the electron microscope, it can be seen that the 
muscle fiber does not have striations that extend from one 
side of the fiber to the other. It is the myofibrils that are stri- 
ated with dark (A) and light (1) bands (fig. 12.8). The stri- 
ated appearance of the entire muscle fiber when seen with a 
light microscope is an illusion created by the alignment of 
the dark and light bands of the myofibrils from one side of 
the fiber to the other. Since the separate myofibrils are not 
clearly seen at low magnification, the dark and light bands 
appear to be continuous across the width of the fiber. 

When a myofibril is observed at high magnification in 
longitudinal section, we see that the banding pattern is pro- 
duced by an orderly arrangement of myofilaments. The A 
bands are seen to contain thick myofilaments (about 110 
angstroms [110 A] thick; 1 A = 10-!°m) that are stacked in 
revister. It is these thick myofilaments that give the A band 
its dark appearance. The lighter | band, by contrast, con- 
tains thin myofilaments (about 50-60 A thick). The thick 
myofilaments are composed of the protein myosin (mi 6- 
sin), and the thin filaments are composed primarily of the 
protein actin (ak'tin). 

The | bands within a myofibril are the lighter areas that 
extend from the edge of one stack of thick myofilaments to 
the edge of the next stack of thick myofilaments. They are 
light in appearance because they contain only thin myofila- 
ments. The thin myofilaments, however, do not end at the 
edges of the I bands. Instead, each thin myofilament con- 


Co rceecccaccccsccssosceeessseseeeeee 
myosin: L_ myosin, within muscle 
actin: L. acfus, motion, doing 


Downloaded from Durr-e-Danish Library 


tinues partway into the A bands on each side. Since thick 
and thin myofilaments overlap at the edges of each A band, 
the edges of the A band are darker in appearance than the 
central region. The central lighter regions of the A bands 
are called H hands (for helle, a German word meaning 
“bright”). The central H bands contain only thick myofila- 
ments that are not overlapped with thin myofilaments. 

In the center of each | band 1s a thin, dark Z line. 
The arrangement of thick and thin myofilaments between 
a pair of Z lines forms a repeating pattern that serves as 
the basic subunit of striated muscle contraction. These sub- 
units, from Z to Z, are known as sarcomeres (sar ‘kd-mérz). 
A longitudinal section of a myofibril presents a side view of 
successive sarcomeres. 

This side view is, in a sense, misleading. There are 
numerous sarcomeres within each myofibril that are out of 
the plane of the section (and out of the picture). A better 
appreciation of the three-dimensional structure of a myofi- 
bril can be obtained by viewing the myofibril in transverse 
section. In this view, it can be seen that the Z lines are actu- 
ally dise shaped, and that the thin myofilaments that pene- 
trate these Z discs surround the thick myofilaments in a 
hexagonal arrangement (fig. 12.9c). If one concentrates on 
a single row of dark thick myofilaments in this transverse 
section, the alternating pattern of thick and thin myofila- 
ments seen in longitudinal section becomes apparent. 


shang Filament Theory of Contraction 


When a muscle contracts isotonically, it decreases in length 
as a result of the shortening of its individual fibers. Short- 
ening of the muscle fibers, in turn, is produced by shortening 
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Nucleus 


FIGURE 12.9 


» — Electron micrographs of myofibrils of a muscle fiber. 

(a) At low-power (magnification (1600x), a single muscle 
fiber containing numerous myofibrils. (b) At high-power 
magnification (53,000x), myofibrils in longitudinal section. 
Notice the sarcomeres and overlapping thick and thin 
myohlaments. (c) The hexagonal arrangement of thick and 
thin myofilaments as seen in transverse section (SR = 
sacroplasmic reticulum). 

(c) From Tissues and Organs: A Text Atlas of Scanning 

' — Electron Microscopy by R. G. Kessel and R. Kardon © 1979. 
| W.H. Freeman and Company. 


of their myofibrils, which occurs as a result of the shortening 
of the distance from Z line to Z line. As the sarcomeres 
shorten in length, however, the A bands do not shorten but 
instead move closer together. The | bands, which represent 
the distance between A bands of successive sarcomeres, 
decrease in length (table 12.2 

The thin actin myofilaments composing the | bands, 
however, do not shorten. Close examination reveals that 
the thick and thin filaments remain the same length dur- 
ing muscle contraction, Shortening of the sarcomeres is 
produced not hy shortening of the filaments, but rather 
hy the sliding of thin myoftlaments over and between the 
thick myotilaments. In the process of Contraction, the 
thin myoftlamenrs on either side of each A band slide 
deeper and deeper toward the center, producing increas- 
ing amounts of overlap with the thick myotilamentys. The 
I bands (conraming only thin myotilaments) and H bands 
(containing only thick myotilaments) thus get shorter 


during contraction (fig. 12.10). 
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Cross Bridges Sliding of the myofilaments 1s produced by 
the action of numerous cross bridges that extend out from 
the myosin toward the actin. These cross bridges are part of 
the myosin proteins that extend from the axis of the thick 
myofilaments to form “arms” that terminate in globular 
“heads” (fig. 12.11). The orientation of the cross bridges on 
one side of a sarcomere is opposite to that of the cross bridges 
on the other side, so that when the myosin cross bridges 
attach to actin on each side of the sarcomere they can pull 
the actin from each side toward the center. 

Isolated muscles in vitro are easily stretched (although 
this ts opposed in vivo by the stretch retlex, described in 
chapter 18), demonstrating that the myosin cross bridges 
are not attached to actin when the muscle is at rest. Each 
globular head of a cross bridge contains an ATP-binding site 
closely associated with an actin-binding site (fig. 12.12). 
The globular heads function as myosin ATPase (a te-pe as) 
enzymes, splitting ATP into ADP and P,. This reaction 
occurs before the cross bridges combine with actin, and 


4 
‘ 


Table It. The sliding filament theory of contraction = 
errr. together with all its myofibrils, shortens by movement of the insertion toward the origin of the muscle. is 
ih pening of the myofibrils is caused by shortening of the sarcomeres—the distance between Z lines (or discs) is reduced. F 

Shortening of the sarcomeres is accomplished by sliding of the myofilaments—each myofilament remains the same length du 


Sliding of the myofilaments is produced by asynchronous power strokes of myosin cross bridges, which pull the thin myofi lam en 
the thick myofilaments (myosin). 


[he A bands remain the same lei 


FIGURE 12.10 ' ; 


The sliding filament model of contraction. As the 
filaments slide, the Z lines are brought closer 
together. (]) Relaxed muscle, (2) partially contracted 
muscle, and (3) fully contracted muscle. 


indeed is required for activating the cross 
bridges so that they can attach to actin. The 
ADP and P, remain bonded to the myosin 
heads until the cross bridges attach to the 


actin. 

The myosin heads are able to bond to 
specific attachment sites in the actin sub- 
units. When the cross bridges bond to actin, 
they undergo a conformation change. This 
has two effects: (1) ADP and P, are released 
and (2) the cross bridges change their ori- 
entation, resulting in a power stroke that 
pulls the thin myoftilaments toward the cen- 
ter of the A bands. At the end of the power 
stroke, each cross bridge bonds to a tresh 
ATP molecule. This bonding of the cross 
bridge to a new ATP causes the cross bridge 
to break its bond with actin and resume its 
resting orientation. The myosin ATPase will 
then split ATP and become activated as in 
the previous cycle. Note that the splitting 


of ATP is required before a cross bridge can 
attach to actin and undergo a power stroke 
) 
and that the attachment of a new ATP ts 1 


needed for the cross bridge to release from 


(a) 


actin at the end of a power stroke. 
Because the cross bridges are quite 
short, a single contraction cycle and power 
stroke of all the cross bridges in a muscle ‘ 
would shorten the muscle by only about 1° 
of its resting length. Since muscles can 
shorten to up to 60% of their resting 


lengths, itas obvious that the contraction (b) 
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FIGURE 12.11 

Myosin cross bridges are oriented in opposite directions on both sides of a sarcomere. 

Thi fil 
n myofilament : Actin-binding site 
int. Acti Tro osin : 
Troponin in pomy: ATP-binding site 


FIGURE 12.12 


The structure of myosin showing its binding sites for ATP and for actin. 
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FIGURE 12.13 

The length-tension 
relationship in skeletal 
muscles. Maximum relative 
tension (1.0) is achieved 
when the muscle is 
100%~200% of the resting 
length (sarcomere lengths 
from 2.0 to 2.25 yim). 
Increases or decreases in 
muscle (and sarcomere) 
lengths result in rapid 
decreases 1n tension. 


20 um 


Relative tension 


it} 60 80 100 
Percentage rest length my 
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cycles must be repeated many times. In order for this to 
occur, the cross bridges must detach from the actin at the 
end of a power stroke, reassume their resting orientation, 
and then reattach to the actin and repeat the cycle. 
During normal contraction, however, only about 50% 
of the cross bridges are attached at any given time. Thus, 
the power strokes are not in synchrony, as the strokes of a 
competitive rowing team would be. Rather, they resemble 
the actions of a team engaged in a tug-of-war, where the 
pulling action of the members is asynchronous. Some cross 
bridges are engaged in power strokes at all times during the 


contraction. 


4 The detachment of a cross bridge from actin at the 
end of a power stroke requires that a new ATP 
molecule bind to the myosin ATPase. The importance 
of this process is illustrated by the muscular 

contracture called rigor mortis that occurs due to lack of ATP 
when a muscle dies. This results in the formation of ngor 
> between myosin and actin that cannot detach. In 


complexes 
rigor mortis, all of the cross bridges are attached to actin at 


the same time 


Length-Tension Relationship = The strength of a muscle’s 
contraction depends on a number of factors. These include 
the number of muscle fibers within the muscle that are saim- 
ulated ro contract, the thickness of each muycle fiber (thick- 
er fibers have more myofibrils and thus can exert more 
power), and the initial length of the muscle fibers when they 


are at rest. 
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There is an ideal resting length for muscle fibers. This 
is the length at which they can generate maximum force. 
When the resting length exceeds this ideal, the overlap 
between actin and myosin is so small that few cross bridges 
can attach. When the muscle is stretched to the point where 
there is no overlap of actin with myosin, no cross bridges 
can attach to the thin myofilaments and the muscle cannot 
contract. When the muscle is shortened to about 60% of its 
resting length, the Z lines abut the thick myofilaments so 
that further contraction cannot occur. 

The strength of a muscle’s contraction can be measured 
by the force required to prevent it from shortening. Under 
these isometric conditions, the strength of contraction, or 
tension, can be measured when the muscle length at rest is 
varied. Maximum tension is produced when the muscle ts at 
its normal resting length in vivo (fig. 12.13). In other words, 
if the muscle were any shorter or longer than its normal 
length, ats strength of contraction would be reduced. This 
resting length ty maintained by reflex contraction in response 
to passive stretching, as described in chapter 18. 


Aegulation of Contraction 


When the cross bridges attach to actin, they undergo power 
strokes and cause muscle contraction. In order for a muscle 
to relax, therefore, the attachment of myosin cross bridges to 
actin must be prevented. The regulation of cross-bridge 
attachment to actin is a function of two protems that are 
associated with actin in the thin myotilaments. 
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FIGURE 12.14 


The relationship of troponin and tropomyosin to actin in the thin 
myolilaments. The tropomyosin is attached to actin, whereas the 
troponin complex of three subunits is attached to tropomyosin (not 
directly to actin). 


Each actin myofilament is composed of two strands 
of fibrous actin (F-actin)—300 to 400 globular subunits 
(G-actin) arranged in a double row and twisted to form a 
helix (fig. 12.14). A different type of protein, known as 
tropomyosin (tro “po-mi’d-sin), lies within the groove 
between the F-actin strands. There are 40 to 60 
tropomyosin molecules per thin myofilament, with each 
tropomyosin spanning a distance of approximately seven 
actin subunits. 

Attached to the tropomyosin, rather than directly to 
the actin, is a third type of protein, called troponin, within 
the thin filaments. Troponin and tropomyosin work togeth- 
er to regulate the attachment of cross bridges to actin, and 
thus serve as a switch for muscle contraction and relaxation. 
In a relaxed muscle, the position of the tropomyosin in the 
thin filaments is such that it physically blocks the cross 
bridges from bonding to specific attachment sites in the actin. 
Thus, in order for the myosin cross bridges to attach to actin, 
the tropomyosin must be moved. This requires the interaction 
of troponin with Ca**, as described in the next section. 
Role of Ca** in Muscle Contraction = !n a relaxed muscle, 
when tropomyosin blocks the atrachment of cross bridges 
to actin, the concentration of Ca** in the sarcoplasm (cyto- 
of muscle cells) 1s very low. When the muscle fiber is 


plasm 
stimulated to contract, certain mechanisms (to be discussed 
shortly) cause the concentration of Cat? inthe sarcoplasm 
to quickly rise. Some of this Cat? attaches to a subunit of 
troponin, causing A conformational change that moves the 
troponin and its attached tropomyosin out of the way so that 
the cross bridges can attach to actin (fig. 12.15). Once the 
attachment sites on the actin are expe ised, the cross bridges 


can bind to actin, undergo power strokes, and pre nduce mus- 


cle contraction. 
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The position of the troponin-tropomyosin complexes 
in the thin myofilaments is thus adjustable. When Ca** ts 
not attached to troponin, the tropomyosin ts in a position 
that inhibits attachment of cross bridges to actin, preventing 
muscle contraction. When Ca** attaches to troponin, the 
troponin-tropomyosin complexes shift position. The cross 
bridges can then attach to actin, produce a power stroke, 
and detach from actin. Moreover, these contraction cycles 
can continue as long as Ca** is attached to troponin. 


Excitation-Contraction Coupling Muscle contraction ts 
turned on when sufficient amounts of Ca** bind to troponin. 
This occurs when the Ca** concentration of the sarcoplasm 
rises above 10°° molar. In order for muscle relaxation to 
occur, therefore, the Ca** concentration of the sarcoplasm 
must be lowered to below this level. Muscle relaxation is 
produced by the active transport of Ca** out of the sar- 
coplasm into the sarcoplasmic reticulum (fig. 12.16). The 
sarcoplasmic reticulum is a modified endoplasmic reticulum, 
consisting of interconnected sacs and tubes that surround 
each myoftbril within the muscle fiber. 

Most of the Ca** in a relaxed muscle fiber as stored 
within expanded portions of the sarcoplasmic reticulum 
known as terminal cisternae. When a muscle fiber is stimu- 
lated to contract by either a motor neuron in vive oF bY 
electric shocks in vitro, the stored Cat? is released from 
the sarcoplasmic reticulum so that it can attach to trey 
ponin. When a muscle fiber is no longer stimulated, the 
Ca’? trom the sarcoplasm ts actively transported back int! 
the sarcoplasmic reticulum. Now, in order to understand 
how the release and uptake of Cat? ts regulated, one mor 
organelle within the muscle fiber must be described. 

The terminal cisternae of the sarcoplasmic reticulum 
are separated by only a very narrow gap from transverse 


FIGURE 12.15 


The attachment of Ca ~* to troponin causes movement of the 
troponin-tropomyosin complex, which exposes binding sites on 
the actin. The myosin cross bridges can then attach to actin and 
undergo a power stroke 
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Table Ie.3 Summary of events in excitation-contraction coupling pee Ee 
1. Impulses in a somatic motor nerve cause the release of acetylcholine neurotransmitter at the myoneural junction (oné 


myofiber). 


2. Acetylcholine, through its interaction with receptors in the muscle cell membrane (sarcole 


across the sarcolemma. 


L 3. The membranes of the transverse tubules (T tubules) are continuous with the sarcolemma and 
_ 4. Impulses in the T tubules, by a mechanism that is poorly understood, stimulate the release of Ca** from the terminal cisternae of the 


__ Sarcoplasmic reticulum. 


mma), produces impulses that are regenerated 


conduct impulses deep into the muscle fiber. 


5. Ca** released into the sarcoplasm attaches to troponin, causing a change in its structure. : r - 
6. The shape change in troponin causes its attached tropomyosin to shift position in the actin myofilament, thus exposing bonding sites for the 7 
‘Myosin cross bridges. AS 
ce - : 7 oS 
Myosin cross bridges, previously activated by the hydrolysis of ATP, attach to actin 2 


tubules (or T tubules), which are narrow membranous tun- 
nels formed from and continuous with the sarcolemma (cell 
membrane). The transverse tubules open to the extracellu- 
lar environment through pores in the cell surface and are 
capable of conducting electrical impulses from the cell mem- 
brane. The stage ts now set to explain how a motor neuron 
stimulates a muscle fiber to contract. 

Nerve impulses arrive at the axon terminal of a motor 
neuron and evoke the production of new electrical impulses 
in the skeletal muscle fibers. These events are discussed in 
detail in chapter 14, but they can be briefly summarized here 
as follows: (1) impulses at the axon terminal stamulate the 
release of a chemical transmitter known as acetylcholine 
(ACh); (2) ACh diffuses to the muscle fiber and alters the 
permeability of the cell membrane to specific tons; and 
(3) the flow of ions (first Na’, then K*) across the membrane 
produces the electrical impulses in the muscle fiber. 

These impulses are conducted along the sarcolemma 
and into the interior of the fiber by the transverse tubules. 
Impulses conducted by the transverse tubules then cause the 
release of Cat? from the sarcoplasmic reticulum. The released 
Catt binds to troponin, causing the displacement of 
tropomyosin and allowing the actin to hind to the myosin 
cross bridges. Muscle contraction ts thus simulated. 

As long as electrical impulses continue to be produced, 
which as as long as the neural stimulation of the muscle ts 
maintained, Cat? will remain attached to troponin and cross 
bridges will be able to undergo contraction cycles. When 
neural acrvity and the production of impulses in the mus- 
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Once the previously activated cross bridges attach to actin, they undergo a power stroke and pull the thin myofilaments over the thick — 


action cycle as long as Ca** remains attached to 


cle fiber cease, the sarcoplasmic reticulum actively accumu- 
lates Ca** and muscle relaxation occurs. Note that the return 
of Ca** to the sarcoplasmic reticulum involves active trans- 
port, and thus requires the hydrolysis of ATP. ATP is therefore 
needed for muscle relaxation as well as for muscle contrac- 
tion. Neural regulation of skeletal muscle contraction is medi- 
ated by calcium ions. The mechanisms of electrical excitation 
and the mechanisms of muscle contraction (sliding of the 
filaments) are coupled through adjustments of the sar- 
coplasmic Ca** concentration. This is known as excitation- 
contraction coupling and is summarized in table 12.3. 


Skeletal MUN ley generate ATP through acrobic and 
respiration and through the we of | 


anaerobte 
hosphate proups donated by creatine 
Phosphate. The aerobic and anacrohtc abilites of skeletal muscle fibers 


differ acc ording to muscle fiber twpe. Slow-tweitch (type 1) fibers are 


adapted for aerobic resprration; fast-neitch (type ID) fibers are adapted 
for anaerobic respiration 


Skeletal muscles at rest obtain most of their energy from 


the acrobie respiration of fatty acids. During exercise, mus: 
cle glycogen and blood wlucose are also used as energy 
SOUPCES,. Energy obtained hy cell Fespiration ts used to make 
ATP, which serves as the immediate source of energy tor 


(1) the movement of the cross bridges for muscle contraction 
and (2) the pumping of Ca** into the sarcoplasmic reticulum 
for muscle relaxation. 


Metabolism of Sheletal Muscles 


Skeletal muscles respire anaerobically for the first 45 to 90 
seconds of moderate-to-heavy exercise because the car- 
diopulmonary system requires this amount of time to suffi- 
ciently increase the oxygen supply to the exercising muscles. 
If exercise is moderate and the person is in good physical 
condition, aerobic respiration contributes the major portion 
of the skeletal muscle energy requirements following the 
first 2 minutes of exercise (fig. 12.17). 
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FIGURE 12.17 
The relative contributions of anaerobic and aerobic respiration to 


the total energy in a well-trained person performing at maximal 


effort. 


Maximal Oxygen Uptake and Oxygen Debt) The maximum 
rate of oxygen consumption (by aerobic respiration) in the 
body is called the maximal oxygen uptake, and it is deter- 
mined primarily by the person's age, size, and sex. It is about 
15%—20% higher for males than for females and ts highest at 
age 20 for both sexes. Some world-class athletes have max- 
imal oxygen uptakes that are twice the average for their age 
and sex. This appears to be due largely to genetic factors, 
but training can increase the maximum oxygen uptake by 
abour 20%. 

When a person stops exercising, the rate of 
oxygen uptake does not immediately zo back to 
pre-exercise levels; it returns slowly (the person 
continues to breathe heavily for some time after- 
ward). This extra oxygen ty used to repay the oxy- 
gen debt incurred during exercise. The oxygen debt 
includes oxygen that was withdrawn from savings 
deposits—hemoglobin in blood and myoglobin in 
muscle (see chapter 24); the extra oxygen required 
for metabolism by tissues warmed during exercise; 


and the oxygen needed for the metabolism of the lactic 
acid produced during anaerobic respiration. 


Phosphocreatine = During sustained muscle activity, ATP 
may be utilized faster than the rate of ATP production 
through cell respiration. At these times, the rapid renewal of 
ATP is extremely important. This is accomplished by com- 
bining ADP with phosphate derived from another high- 
energy phosphate compound called phosphocreatine 
(fos “fo-kre’&-t@n), or creatine phosphate. 

The phosphocreatine concentration within muscle 
fibers is more than three times the concentration of ATP 
and represents a ready reserve of high-energy phosphate that 
can be donated directly to ADP (fig. 12.18). During times of 
rest, the depleted reserve of phosphocreatine can be restored 
by the reverse reaction—phosphorylation of creatine with 


phosphate derived from ATP. 
creatine phosphokinase. Skeletal muscle and heart 


~ muscle each have a different form of this enzyme 


(they have different isoenzymes, as described in chapter 4). 
The skeletal muscle isoenzyme is elevated in the blood of 
people with muscular dystrophy (a degenerative disease of 
skeletal muscles). The plasma concentration of the isoenzyme 
characteristic of heart muscle is elevated in the condition of 
myocardial infarction (damage to heart muscle), and 
measurements of this enzyme are thus used as a means of 
diagnosing this condition. 


slow- and Fast-lwitch fibers 


Skeletal muscle fibers can be divided on the basis of their 
contraction speed (time required to reach maximum ten- 
sion) into slow-twitch, or type I, fibers, and fast-twitch, 
or type II, fibers. These differences are associated with dif- 
ferent myosin ATPase isoenzymes, designated as “slow” and 
“fast,” by which the two fiber types can be distinguished 
when they are appropriately stained (fig. 12.19). For exam- 
ple, the ocular muscles that position the eyes (see table 13.3) 


The enzyme that transfers phosphate between 
creatine and ATP is called creatine kinase, or 
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have a predominance of fast-twitch fibers and reach maxi- 
mum tension in about 7.3 msec (milliseconds - thousandths 
of a second); the soleus muscle in the leg, by contrast, has a 


Muscle 


Phosphocreatine ADP + P, 


contraction 


ADP Creatine ADP 


During rest Durning exercise 


FIGURE 12.18 


The production and utilization of phosphocreatine 1n muscles 
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predominance of slow-twitch fibers and requires about 100 
msec to reach maximum tension (fig. 12.20). 

Muscles like the soleus (see fiz. 13.34) are postural mus- 
cles that must he able to sustain a contraction fora prolonged 
period of time without becoming fatigued. The resistance to 
fatigue demonstrated by these mus- 
cles is aided by several features of 
slow-twitch fibers that endow them 
with a high capacity for aerobic res- 
Piration. Slow-twitch fibers have a 
rich capillary supply, numerous 
mitochondria and aerobic respira- 
tory enzymes, and a high concen- 
tration of myoglobin’ pigment. 
Myoglobin is a red pigment, similar 
to the hemoglobin in red blood 
cells, that improves the delivery of 
oxygen to the slow-twitch fibers. 
Because of their high myoglobin 
content, slow-twitch fibers are also 
called red fibers. 

The thicker fast-twitch fibers 
have fewer capillaries and mito- 
chondria than slow-twitch fibers 
and not as much myoglobin; hence, 


FIGURE 12.19 


these fibers are also called white 
fibers. Fast-twitch fibers are adapted to respire anaerobical- 
ly by a large store of glycogen and a high concentration of 
glycolytic enzymes. In addition to the type | (slow-twitch) 
and type I] (fast-twitch) fibers, human muscles may also 
have an intermediate fiber form. These intermediate fibers 
are fast-twitch but also have a high aerobic capability. They 
are sometimes called type ILA, to distinguish them from the 
anaerobically adapted fast-twitch fibers, which are then 
labeled IIB. The three fiber types are compared in table 12.4. 
Most muscles contain a mixture of fiber types. For 
example, the gastrocnemius muscle contains both fast- and 
slow-twitch fibers, although fast-twitch fibers predominate. 
A given somatic motor axon, however, only innervates mus- 


Tension 


Time (msec) ————+ 


FIGURE 12.20 


A comparison of the rates with which maximum tension is developed 
in three muscles, These include (a) the relatively fast-twitch extraocular and 
(b) gastrocnemius muscles and tha (c) slow-twitch soleus muscle. 
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Skeletal muscle (of a cat) stained to indicate the 
activity of myosin ATPase. Type II fibers contain 
higher ATPase activity than type I fibers. 


fibers of one type. The size of these motor units differ; 


cle ; " 
ts composed of slow-twitch fibers tend to be 


the motor unt t 
smaller (have fewer fibers) than the motor units of fast. 
twitch fibers. Since motor units are recruited from smaller to 
larger when increasing effort 1s required, the smaller motor 
units with slow-twitch fibers are 
used most often in routine activi. 
ties. Larger motor units with fast- 
twitch fibers, which can exert a 
great deal of force but which 
respire anaerobically and thus 
fatigue quickly, are used relatively 
infrequently and for only short 
periods of time. 


Muscle Fatique 


Muscle fatigue is the inability to 
maintain a particular muscle ten- 
sion when the contraction is sus- 
tained or to reproduce a particular 
tension during rhythmic contrac- 
tion over time. Fatigue during a 
sustained maximal contraction, 
when all the motor units are used 
and the rate of neural firing is max- 
imal (for example, when lifting an extremely heavy weight) 
appears to be due to an accumulation of extracellular K’. 
(K* leaves axons and muscle fibers during the production 
of electrical impulses.) This reduces the membrane potential 
of muscle fibers and interferes with their ability to produce 
impulses. Fatigue under these circumstances is of short dura- 
tion; maximal tension can again be produced after less than 
a minute's rest. 

Fatigue during moderate exercise occurs as the slow- 
twitch fibers deplete their reserve glycogen and fast-twitch 
fibers are increasingly recruited. Fast-twitch fibers obtain their 
energy through anaerobic respiration, converting glucose to 
lactic acid with a Consequent rise in intracellular H* and a 
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Table 1c.4 


Characteristics of red, 
intermediate, and white 
muscle fibers 


Red Intermediate 
(typeI) (type ITA) 


Small Intermediate 


Wide Intermediate 
Low Intermediate — 9 
High Intermediate 
Many Many 

High High 


Aerobic 


Aerobic 


fall in pH. The decrease in muscle pH, in turn, inhibits the 
activity of key glycolytic enzymes, so that the rate of ATP 
production is reduced. This may interfere with the ability of 
the sarcoplasmic reticulum to accumulate Ca** by active 
transport, and thus interfere with the ability of the muscle to 
contract in response to electrical stimulation. The decreased 
cellular pH, in other words, produces fatigue by interfering 
with excitation-contraction coupling. 


Adaptations to Exercise 


Maximal oxygen uptake, obtained during very strenuous exer- 
cise, averages 50 ml of O) per minute per kilogram body 
weight in males between 20 and 25 years of age (females aver- 
age 25% lower). For trained endurance athletes (swimmers, 
long-distance runners), maximal oxygen uptakes can be as 
high as 86 ml of O2 per minute per kilogram. When exercise 
is performed at low levels of effort, such that the oxygen con- 
sumption rate is below 50% of its maximum, the energy for 
muscle contraction is obtained almost entirely from aerobic 
cell respiration. Anaerobic cell respiration, with its conse- 
quent production of lactic acid, contributes to the energy 
requirements as the exercise level rises and more than 60% 
of the maximal oxygen uptake is required. Highly trained 
endurance athletes, however, can continue to respire acrobi- 
cally, with little lactic acid production, at up to 80% of their 
maximal oxygen uptake. These athletes thus produce less lac- 
tic acid ata given level of exercise than most of us; therefore, 
they are less subject to fatigue than the average person. 
Since muscle fiber types are determined by their inner- 
vations, endurance traiming cannot change fast-twitch (type 
I]) fibers to slow-twitch (type 1) fibers. All muscle fiber types, 
however, adapt to endurance traning by an increase in myo- 
globin and aerobic respiratory enzymes. In fact, maximal 


The effects of endurance 


“Table 125 


training (long-distance © =o 
| running, swimming, bicycling, A 
te etc.) on skoleta) musciemy “Sate 


oxygen uptake can be increased by as much as 20% through 
endurance training. In addition to changes in aerobic capac- 
ity, muscle fibers show an increase in their content of triglyc- 
erides, which serve as an alternate energy source and help 
to spare their stores of glycogen. A summary of the changes 
that occur as a result of endurance training is presented in 
table 12.5. 

Although endurance training results in more effi- 
cient muscle metabolism, it does not make muscles larger. 
Muscle enlargement is produced only by frequent periods 
of high-intensity exercise in which muscles work against a 
high resistance, as in weight lifting. As a result of resis- 
tance training, type I] muscle fibers become thicker, and 
the muscle therefore grows by hypertrophy (an increase 
in cell size rather than number of cells). The myofibrils 
within the muscle fiber thicken as a result of the addition 
of new sarcomeres. After a myofibril attains a certain 
thickness it may split into wo myofibrils, each of which 
may then become thicker due to the addition of sarco- 
meres. Muscle hypertrophy, in summary, is associated with 
an increase in the number and size of myofibrils within 
the muscle fibers. 


Cardiac muscle, like skeletal muscle, ts serrated and contains 
sarcomeres that shorten by slidmg of thn and thick myofilaments. 


Unlike skeletal muscle, however, cardiac muscle can produce mpulses 
and contract spontaneously. Smooth muscle lacks sarcomeres; hence, it 
does not have a striated appearance. It does contam acun and myosin 
that produce contractions Mm response to a unique regulatory 
mechanism 
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Unlike skeletal muscles, which are voluntary effectors regu- 
lated by somatic motor neurons, cardiac and smooth muscles 
are involuntary effectors and are regulated by autonomic 
motor neurons. Although skeletal muscle differs from cardiac 
and smooth musele in Important ways, all types of muscle 
have certain features in common. First, all muscle types are 
believed to contract by means of shding of thin actin myofil- 
aments over thick myosin myofilaments. Second, the sliding 
of the myofilaments ts produced by the action of myosin cross 
bridges in all muscle types. Finally, excitation-contraction 
coupling in all types of muscle involves Ca**. 


Cardiac Muscle 


Like skeletal muscle fibers, cardiac muscle fibers, or myocar- 
dial cells, are striated; they contain actin and myosin fila- 
ments arranged in the form of sarcomeres and they contract 
by means of the sliding filament mechanism. The long, 
fibrous skeletal muscle fibers, however, are structurally and 
functionally separated from each other, whereas the myocar- 
dial cells are short, branched, and interconnected. Adjacent 
myocardial cells are joined by electrical synapses, or gap 
junctions (described in chapter 14). Gap junctions in cardiac 
muscle have an affinity for stain that makes them appear as 
dark lines between adjacent cells when viewed in the light 
microscope. These dark-staining lines are known as inter- 
calated discs (see table 12.1). 

Electrical impulses that originate at any point in a mass 
of myocardial cells, called a myocardium, can spread to all 
cells in the mass that are joined by gap junctions. Because all 
cells ina myocardium are electrically joined, a myocardium 
behaves as a single functional unit. Thus, unlike skeletal 
muscles, which can produce graded contractions in accor- 
dance with the number of fibers stimulated, a myocardium 
contracts with an all-or-none contacuon. The heart contains 
two distinct myoeardia (within the walls of the atria and 
the walls of the ventricles), as will be described in chapter 21. 

Unlike skeletal muscles, which require external stim- 
ulation by somatic motor nerves before they can produce 
electrical impulses and contract, cardiac muscle ts able to 
produce impulses automatically. Cardiac impulses normal- 
ly originate ina specialized group of cells called the pace- 
maker. However, the rate of these spontaneously produced 
impulses, and thus the rate of the heartbeat, ts regulated by 


autonomic Innervation. 


Smooth Muscle 


Smooth (visceral) muscles are arranged in circular layers 
around the walls of blood vessels and bronchioles (small air 
passages in the lungs). Both circular and longitudinal smooth 
muscle layers occur in the tubular gastrointestinal tract, the 
ureters (Which transport urine), the ductus deterentia (which 
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and the uterine tubes (which transport 
contraction of these circular and longi- 
produces peristaltic waves thar 


transport sperm) 
ova). The alternate 
tudinal smooth muscle layers 
propel the contents of the tubes in one direction. 

Although smooth muscle cells do not contain sarco- 
meres, they do contain a great deal of actin and some 
myosin, which produces a ratio of thin-to-thick myofila- 
ments of about 16:1 (in striated muscles the ratio is 2:1), 
Unlike striated muscles, in which the thick myofilaments 
are short and stacked between Z lines in sarcomeres, the 
myosin myofilaments in smooth muscle cells are quite long. 

The long length of myosin myofilaments in smooth 
muscle and the fact that they are not organized into sar- 
comeres may be advantageous for the function of smooth 
muscles. Smooth muscles must be able to contract even 
when greatly stretched, as in the urinary bladder, for exam- 
ple, where smooth muscle cells may be stretched up to two 
and a half times their resting length. The smooth muscle 
cells of the uterus may be stretched up to eight times their 
original length by the end of a pregnancy. Striated muscles, 
because of their structure, lose their ability to contract when 
the sarcomeres are stretched to the point where actin and 
myosin no longer overlap. 

As in striated muscles, the contraction of smooth mus- 
cles is triggered by a sharp rise in the Ca** concentration 
within the cytoplasm of the muscle cells. However, the sar- 
coplasmic reticulum of smooth muscles is less developed 
than that of skeletal muscles, and Ca** released from this 
organelle may account for only the initial phase of smooth 
muscle contraction. Extracellular Ca** diffusing into the 
smooth muscle cell through its cell membrane is responsi- 
ble for sustained contractions. This Ca** enters primarily 
through membrane channels that open in response to elec- 
trical stimulation. The greater the stimulation, the greater 
the number of calcium ions that can diffuse into the mus- 
cle cell and the stronger the contraction. 


calcium channel blockers. These drugs inhibit the 
opening of Ca** channels in the smooth muscle 
membrane, causing the smooth muscle cells of blood 
vessels to relax. This, in turn, produces vasodilation, which is 
useful in the treatment of such conditions as angina pectoris 
(pain resulting from heart disease) and hypertension (high 
blood pressure). 


\ Drugs such as verapami! and related compounds are 


J 


The events that follow the entry of Ca** into the cyto- 
plasm are somewhat different in smooth muscles than in 
striated muscles. Ca** combines with troponin in striated 
muscles; however, there is no troponin in smooth muscle 
fibers. In smooth muscles, Cat? combines with a protein 
called calmodulin. Calmodulin is structurally similar to tre- 
ponin and ts also involved in the action of some hormones: 
as described in chapter 19. The calmodulin-Ca’* complex 


Striated; actin and myosin arranged in 
sarcomeres 


Moderately developed sarcoplasmic reticulum 
and transverse tubules 


Contains troponin in the thin myofilaments 


Ca* enters cytoplasm from sarcoplasmic 


Table 12.6 Comparison of skeletal, cardiac, and smooth muscle 


a - 
Poorly developed sarcoplasmic reticulum 
No transverse tubules 


Contains a Ca** binding protein; may be local ed 


in thick myofilaments 


Ca** enters cytoplasm from extracellular fl id, 


reticulum and extracellular fluid 


sarcoplasmic reticulum, and perhaps 
mitochondria 


Can contract without nerve stimulation; action 
potentials originate in pacemaker Cells of 


heart 


thus formed combines with and activates an enzyme called 
myosin light chain kinase. This enzyme catalyzes the phos- 
phorylation of (addition of phosphate groups to) the myosin 
cross bridges. In smooth muscle cells, the cross bridges must 
he phosphorylated before they can bond to actin, which is 
not the case in striated muscles. 

In the preceding sequence of events, the concentra- 
tion of Cat? in the smooth muscle cell cytoplasm determines 
how many cross bridges will combine with actin, and thus 
determines the strength of contraction. The concentration 
of Cat? is in turn regulated by the degree of electrical stim- 
ulation. Thus, greater degrees of neural stimulation result 
in greater concentrations of Ca** in the cytoplasm, greater 
phosphorylation of the cross bridges, and a stronger con- 
traction of the smooth muscle. 

In addition to being graded, the contractions of smooth 
muscle cells are slow and sustained. The slowness of contrac- 
tion is related to the fact that myosin ATPase in smooth 
muscle is slower in its action (splitting ATP for the cross- 
bridge cycle) than itty in striated muscle. The sustained nature 
of smooth muscle contraction is explained by the theory that 
cross bridges in smooth muscles can enter a latch state. 

The latch state allows smooth muscle to maintain its 
contraction ina very energy-efficient manner, hydrolyzing 
less ATP than would otherwise be required. This ability ts 
obviously important tor smooth muscles, given that they 
encircle the walls of hollow organs and must sustain con- 
tractions for very long time periods. The mechanisms hy 
which the latch state ts produced, however, are complex and 


poorly understood. 


Is; denervation results in 


stimulation 


Despite their differences, it is currently believed that 
both smooth muscles and striated muscles contract by means 
of a sliding filament mechanism, as described earlier in this 
chapter. The three muscle types—skeletal, cardiac, and 
smooth—are compared in table 12.6. 


Single-Unit and Multiunit Smooth Muscles Smooth mus- 
cles are often grouped into two functional categories: 
single-unit and multiunit. Single-unit smooth muscles have 
numerous gap junctions (electrical synapses) between adja- 
cent fibers that weld them together electrically; thus, they 
behave as a single unit, much like cardiac muscle. Most 
smooth muscles, including those in the gastrointestinal tract 
and uterus, are single-unit. 

Single-unit smooth muscles display pacemaker activity, 
similar to that of cardiac muscle, in which certain fibers stim- 
ulate others in the mass. Single-unit smooth muscles also dis- 
play intrinsic, or myogenic, electrical activity and contraction 
in response to stretch. For example, the stretch induced by an 
increase in the volume of a small artery or a section of the gas- 
trointestinal tract can stimulate myogenic contraction. Such 
contraction does not require stimulation by autonomic nerves. 

Contraction of multiunit smooth muscles, by con- 
trast, requires nerve stimulation, Multuunit smooth mus- 
cles have tew, ifany, gap junctions and therefore the 
individual celly must be stimulated separately by nerve end- 
ings. Examples of multiunit smooth muscles are the arrec- 
tor pili muscles in the skin and the ciliary muscles attached 
to the lens of the eye. 
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~ Development of Skeletal Muscles — 


alternating dark and light bands. Growth 
in length still continues through the 


The formation of skeletal movements known as quickening are 


F muscle tissue begins strong enough to be recognized by the 
during the fourth week of embryonic ads the frdiutadal muscle fibers addition of myoblasts. Shortly before a if 
development as specialized mesodermal have now thickened, the nuclei have baby is born, the eter! of myoblast 
cells, called myoblasts, begin rapid moved peripherally, and the cells ceases. At this time, all of the 
mitotic division (fig. 1). The proliferation myofilaments can be recognized as muscle cells have been determined. 
of new cells continues while the cietinwawsidiomeacensnaeubaonwere seeccevnccecccsccccnesessoesees 
myoblast cells migrate and fuse together myoblast: Gk. myos, muscle; blastos, germ syncytial: Gk. syn, with, cyto, cell 


into syncytial (sin-sish af) myotubes. A 
syncytium is a multinucleated 
protoplasmic mass formed by the union 


Hie ; (a 

of originally separate cells. At9 weeks, Myoblasts ) nal 

primitive myofilaments course through noes ss ed 
/ e 

the myotubes and the nuclei of the y) “i 


contributing myoblasts are centrally 


) - i : t 
_ focated. Growth in length continues (a »\ (2 Myofilament 
» through the addition of myoblasts. (b) 


It is not certain when skeletal muscle 


is sufficiently developed to sustain ) (a) 


~~ contractions, but by week 17 the fetal 


Myofilament 
Central nuclei 


FIGURE 1 

The development of skeletal muscle 
fibers. (a) At 5 weeks, the myotube is 
formed as individual cel] membranes 
are broken down Myotubes grow in 
length by incorporating additional 
myoblasts; each adds an additonal 
nucleus. (b) Muscle fibers are distinct at 
9 weeks, but the nuclei are stll centrally 
located and growth in length continues 
through the addition of myoblasts. (c) At 
5 months, thin (actin) and thick (myosin) padshoes 
myofilarnents are present and moderate iwiel 
growth in length ts sll occurring. (d) By 
birth, the stnated myofilaments have 
aggregated into bundles, the tiber has 
thickened, and the nucle: have shifted to 
the periphery. Myoblast activity ceases, Myofibrils (longitudinal bundles 
and all the muscle fibers a person will of myofilaments) 

have are formed. 


Single muscle fiber 


myofilaments 


Thin (actin) 
myofilaments 
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integumentary System 

¢ Covers and protects the body musculature 

© Radiates body heat 

e Synthesizes vitamin D 

© Facial musculature attached to skin produces 
facial expression when contracted 


Skeletal System 
___ @ Stores calcium and phosphate 
© Provides attachment sites for muscles 
e Joints of skeleton provide levers for movement 
e Enables body movement and stabilizes joints 
* Muscle contractions maintain the health and 
strength of bone 


“Wlervous System 
¢ Coordinates muscle contraction 
¢ Increases cardiac output and respiratory rates 
during periods of muscle activity 
ors monitor body position via 
nervous system 
rmit eye movement and speech 


Endocrine System — 
© Sex hormones promote muscle development and 
maintenance 
© Specific hormones regulate calcium and 
phosphate concentrations 
© Provides protection to certain endocrine glands 
© Epinephrine and norepinephrine influence 
contractions of cardiac and smooth muscles 


Circulatory System 
e ot 0, and CO>, nutrients, and fluids to 
and from muscles; removes lactic acid and heat 


- Interactions of the Muscular System 
with Other Body Systems 


© Tonus and voluntary muscle contractions assist 
blood movement, particularly within veins 

© Cardiac and Smooth muscles contribute to 
function of heart and blood vessels 


Lymphatic System 

e Maintains balanced amount of interstitial fluid 
within muscle tissue 

¢ Lymphocytes provide defense against infection 

e Supports and protects superficial lymph nodes 


Respiratory System 

¢ Provides 0, for muscle metabolism and 
eliminates CO, 

© Respiratory muscles are responsible for 
ventilation of lungs; sound production 


Urinary System 

© Eliminates metabolic wastes from muscles 

e Assists regulation of calcium and phosphate 
concentrations 

© Muscles of urinary tract surround urinary bladder 
and form urethral sphincter 


Digestive System 

© Provides nutrients for growth, maintenance, and 
repair of muscles 

© Regulates blood glucose 

© Supports and protects organs of Gi tract 

e Muscular sphincters located at openings of Gi tract 


Reproductive System 

¢ Testicular androgen promotes growth of skeletal 
muscle 

® Contributes to orgasm in both sexes 

© Uterine muscle contractions aid in delivery of fetus 
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Chapter Summary 


Structure and Actions of Skeletal a. The A bands contain thick 8. When electrical impulses cease, Ca** js 
Muscles (pp. 255-260) myofilaments composed of the protein removed from the sarcoplasm by active 
1. Skeletal and cardiac muscle fibers are myosin, the edges of each A band also transport into the sarcoplasmic reticulum, 
Striated, whereas smooth muscle fibers contain thin myofilaments overlapped and the tropomyosin again inhibits 
are not with the thick myofilaments muscle contraction. 
2. Skeletal muscle fibers ori inate fr b. The central regions of the A bands . 
number of myoblasts that eoeninaly iin contain only thick myoftilaments, these aneey spaiggh aeN Skeletal 
together to form the multinucleated regions are called the H bands Muscles (pp. . 
skeletal muscle fiber c. The! bands contain only thin 1. Aerobic cell respiration is ultimately 
3. Skeletal muscles are attached to bones by myofilaments, which are composed required for the production of ATP needeg 
means of tendons primarily of the protein actin. for cross-bridge activity. 
a. Muscles are separated by fascia and d. The filaments slide, not shorten, 2. New ATP can be quickly produced, 


each muscle is covered by an 
epimysium, 

b. Muscle fibers are grouped into 
fasciculi that are surrounded by a 


during muscle contraction. 

e. The lengths of the H and I bands 
decrease during contraction, whereas 
the A bands stay the same length. 


however, from the combination of ADP 
with phosphate derived from 
phosphocreatine. 


. Muscle fibers are of three types 


connective tissue perimysium. Each 2. Myosin cross bridges extend from the a. Slow-twitch red fibers are adapted for 
P fasiculus is composed of muscle thick myofilaments to the thin aerobic respiration and are resistant to 
= fibers that are surrounded by an myofilaments fatigue. 
Fs endomysium. 3. The activity of the cross bridges causes b. Fast-twitch white fibers are adapted 
a 4. Muscles in vitro can exhibit twitch. the thin myofilaments to slide toward the for anaerobic respiration. 
= summation, tetanus, and tonus. centers of the sarcomeres. c. Intermediate fibers are fast-twitch but 
5 a. The rapid contraction and relaxation of a. The cross-bridge heads function as adapted for aerobic respiration. 
oO muscle fibers is called a twitch myosin ATPase enzymes 4. Endurance training increases the aerobic 
b. The stronger the electric shock, the b. ATP Is split into ADP and P,, activating capacity of all muscle fiber types, thus 
stronger the muscle twitch. Whole the cross bridge, prior to attachment decreasing their reliance on anaerobic 
muscles are capable of graded of the cross bridge to actin. respiration and their susceptibility to 
contractions because the number of 4. When the activated cross bridges attach fatigue. 
fibers participating in the contraction to actin, they undergo a power stroke. 
aries 5. At the end of a power stroke, the cross Cardiac and Smooth Muscle 
c. The summation of fiber twitches can bridge bonds to a new ATP, this allows (pp. 273-275) 
occur so rapidly that the muscle the cross bridge to detach from actin and 1. Cardiac muscle is striated and contains 


repeat the cycle 

6. A protein known as tropomyosin is also 
located at intervals within the thin 
myofilaments; another protein, troponin, 
is attached to the tropomyosin. 

7. When a muscle is at rest, the Ca** 
concentration of the sarcoplasm is very 
low, cross bridges are prevented from 


produces a smooth. sustained 
contraction known as tetanus 

d. When a muscle exerts tension without 
shortening, the contraction is termed 
isometric. when shortening does 
occur, the contraction Is isotonic. 

5. The contraction of muscle fibers in vivo is 
stimulated by somatic motor neurons. 


Sarcomeres; smooth muscle lacks 
Striations but does contain actin and 
myosin. 

a. Electrical impulses in cardiac muscle 
originate in myocardial fibers. These 
impulses can cross from one 
myocardial fiber to another through 
gap junctions. 


a. Each somatic motor axon branches to ae to eee Lil of b. Electrical impulses are produced 
innervate a number of muscle fibers. ee aoe i bli he ett spontaneously in the heart 
b. A motor unit consists of a single a. Mar le actwely transported into the 2. Smooth muscle fibers contain myosin 


sarcoplasmic reticulum when a 


r neuron and the muscle fibers it 
— muscle is at rest. 


and actin, but not arranged in 


innervates. . sarcomeres. 
b. Electrical impulses, conducted by a. Myosin myofilaments are very long: 
Mechanisms of Contraction transverse tubules into the muscle consequently, smooth muscle fibers 
(pp. 260-270) poe a nUlate Meow Obes can contract even when they are 
1. Skeletal muscle fibers are striated alan oph reticulum. greatly stretched 
because of the arrangement of thick and c. Ga" binds to troponin, and this b. When electrically stimulated, Ca** 


Causes tropomyosin to shift position 
so that the myosin cross bridges can 
bind to actin, 


enters smooth muscle fibers and 
combines with calmodulin. The 
calmodulin-Ca*+ complex activates an 
enzyme that phosphorylates myosin 
Cross bridges 


thin myofilaments. 
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Review Activities 


Objective Questions 


1; 


A graded whole muscle contraction is 

produced in vivo primarily by variations in 

a. the strength of the fiber's contraction. 

b. the number of fibers that are 
contracting 

c. both aandb 

d. neither anor b. 


2. The series-elastic component of muscle 


contraction is responsible for 

a. increased muscle shortening to 
successive twitches. 

b. atime delay between contraction and 
shortening 

c. the lengthening of muscle after 
contraction has ceased. 

d. allofthe above 


3. Which of the following muscles have 


motor units with the highest innervation 
ratio? 

a. leg muscles 

b. arm muscles 

c. muscles that move the fingers 

d. muscles of the trunk 


4. When a skeletal muscle shortens during 


contraction, which of the following events 
does not occur? 

a. The A bands shorten. 

b. The H bands shorten. 

c. The! bands shorten 

d. The sarcomeres shorten. 


5. Electrical excitation of a muscle fiber 


most directly Causes 

a. movement of tropomyosin. 

b. attachment of the cross bridges to 
actin. 

c. release of Ca** from the sarcoplasmic 
reticulum. 

d. splitting of ATP. 


6. The energy for muscle contraction is 


most directly obtained from 
a. phosphocreatine. 


7. 


10. 


11. 


b. ATP. 

C. anaerobic respiration. 

d. aerobic respiration 

Which of the following statements about 

cross bridges is false? 

a. They are composed of myosin. 

b. They bond to ATP after they detach 
from actin 

c. They contain an ATPase. 

d. They split ATP before they attach to 
actin. 

When a muscle is stimulated to contract, 

Ca*' bonds to 

a. myosin. 

b. tropomyosin. 

c. actin. 

d. troponin. 

Which of the following statements about 

muscle fatigue is fa/se? 

a. It may result when ATP is no longer 
available for the cross-bridge cycle. 

b. It may be caused by a loss of muscle 
cell Ca*’. 

c. It may be caused by the accumulation 
of extracellular K’. 

d. It may be a result of lactic acid 
production. 

Which of the following types of muscle 

fibers is not capable of spontaneous 

depolarization? 

a. single-unit smooth muscle 

b. multiunit smooth muscle 

cardiac muscle 

skeletal muscle 

both b and d 

. bothaandc 

Which of the following types of muscle is 

striated and contains gap junctions? 

a. single-unit smooth muscle 

b. multiunit smooth muscle 

c. cardiac muscle 

d. skeletal muscle 


—e2 a0 


12. In an isotonic muscle contraction, 


a. the length of the muscle remains 
constant 

b. the muscle tension remains constant. 

c. both muscle length and tension are 
changed. 

d. movement of bones does not occur. 


Essay Questions 


1. 


Using the concept of motor units, explain 
how skeletal muscles in vivo produce 
graded and sustained contractions. 
Using the concepts of motor unit 
recruitment and the series-elastic 
component of muscles. describe how an 
isometric contraction can be converted 
into an isotonic contraction. 

Why don't the cross bridges attach to the 
thin myofilaments when a muscle is 
relaxed? Trace the sequence of events 
that allows the cross bridges to attach to 
the thin myofilaments when a muscle Is 
stimulated by a nerve impulse. 

Using the sliding filament theory of 
contraction, explain why the contraction 
strength of a muscle is maximal at a 
particular muscle length. 

Explain the role of ATP in muscle 
contraction and in muscle relaxation. 
Explain how endurance training raises the 
level of exercise that can be performed 
before muscle fatigue occurs. 

Compare striated muscle and smooth 
muscle with respect to their mechanism 
of excitation-contraction coupling. 
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¢ Explain how muscles are described according to their 
location and cooperative function. 


Explain what is meant by synergistic and antagonistic 
muscle groups. 


Describe the various ways in which muscle fibers are 
arranged and discuss the advantage of each of these 
arrangements. 


Use examples to describe the various ways in which 
muscles are named. 


Locate the major muscles of the axial skeleton. 
Describe the action of synergistic and antagonistic 
muscles, using specific muscles as examples. 


Locate the major muscles of the appendicular 
skeleton. Identity synergistic and antagonistic 
muscles and describe their action. 
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Organization ort 


aystem 


Skeletal muscles are arranged m functional groups that are adaptive im 
causing Particular movements. Within each muscle, the fibers are 


arranged m a specific pattern that provides specific functional 
capabilities. 


Skeletal muscle constitutes its own body system and 
accounts for approximately 40% of body weight. Over 600 
individual muscles make up the skeletal muscular system. 
The principal superficial muscles are shown in figure 13.1. 
In describing the various muscles, they are usually grouped 
according to anatomical location and cooperative func- 
tion. The muscles of the axial skeleton have their attach- 
ments to the bones of the axial skeleton and include facial 
muscles, neck muscles, and the anterior and posterior 
trunk muscles. The muscles of the appendicular skeleton 
include those that act on the pectoral and pelvic girdles 
and those that cause movement at the joints of the upper 
and lower extremities. 


Muscle broups 


Just as individual muscle fibers seldom contract indepen- 
dently, muscles generally do not contract separately but work 
as functional groups. Muscles that contract together and are 
coordinated in accomplishing a particular movement are 
said to be synergistic muscles (fig. 13.2). Antagonistic muscles 
perform opposite functions and are generally located on the 
opposite sides of a limb. The two heads of the biceps brachii 
muscle together with the brachialis muscle, for example, 
contract together to flex the elbow joint. The triceps brachii 
muscle, the antagonist to the biceps brachii and brachialis 
muscles, extends the elbow as it is contracted. 

Seldom does the action of a single muscle cause a 
movement at a joint. Urilization of several synergistic mus- 
cles rather than one massive muscle allows for a division of 
labor. One muscle may be an important postural muscle, for 
example, whereas another may be adapted for rapid, pow? 
erful contraction. In terms of total output, the contraction of 
several small muscles produces more force than the con- 


traction of one large one. 


synergistic. Gk. synergeim, Cooperate 
antagonistic: Gk. antagonistes, struggle against 


Muscle Architecture 


Skeletal muscles may be classified on the basis of fiber 
arrangement (fig. 13.3), each type having certain inherent 
advantages. The major types of fiber arrangements are as 


follows: 


] Parallel. Parallel muscles have relatively long excursions 
(contract over a great distance) and good endurance, but they are 
not especially strong. They are long, straplike muscles, such as the 


sartorius and rectus abdominis muscles. 


2 Convergent. Convergent-fibered muscles are so named 
because the fibers converge at the insertion point to maximize 
contraction. They are fan-shaped muscles, such as the deltoid and 


pectoralis mayor muscles. 


3 Pennate. Pennate-fibered muscles provide dexterity. They 
have many fibers per unit area, and hence are strong muscles. 
They have short excursions but generally ure quickly. The three 
kinds of pennate-fibered muscles are unipennate, bipennate, and 
multipennate. Examples of each of the pennate types can be found 
in the forearm. 


4 Sphincteral. Sphincter muscles surround a body opening, or 
orifice, constricting it when contracted. Examples are the 
orbicularis oculi around the eye and orbicularis oris surrounding 
the mouth. 


Muscle fiber architecture can be observed on a cadaver or 
other dissection specimen. If you have the opportunity to 
learn the muscles of the body from a cadaver, observe the fiber 
architecture of specific muscles and try to determine the 
advantages afforded to each muscle by its location and action. 


Skeletal muscles are named on the basis of shape, location, attachment, 
ortentauon of fibers, relative position, or function. 


One of the tasks of a myologist ts to learn the names of the 
more than 600 skeletal muscles within the body. This task is 
not quite as formidable as one might imagine because most 
of the muscles are paired; that is, the right side is the mirror 
image of the left. Further simplifying the task are the descrip- 
tive names of muscles. In the remaining sections of this 
chapter, we will describe only the principal muscles. 


PTYTTTTITITTTIT TIT 
pennate: L. pennatus, feather 
orifice: L. orificium, mouth; facere, to make 
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Muscular System 


Frontalis 
Orbicularis oculi 


Zygomaticus 
Masseter 


Orbicularis oris 


Sternocleido- 
mastoid 


Trapezius 
Deltoid 


Latissimus dorsi Pectoralis 


major 
Brachialis 


Serratus 
anterior 


External abdominal 
oblique 
Rectus abdominis 


Biceps brachi: 


Brachioradialis 


Sartorius 


Adductor longus 


Vastus lateralis 


Peroneus longus 


Extensor Gastrocnemius 


digitorum longus 
Soleus 
Tibialis anterior 
ft 
. \\ Margulies/Waldrop 
Uf A : 
(a) 
FIGURE 13.1 


An anterior view (a) and a posterior view (b) of some of the 
superficial skeletal muscles. 


FIGURE 13.2 


Examples 
of the biceps brachii muscle and the brachialis muscle are 


synergisuc to each other, as are the three heads of the triceps 
brachii musele. The biceps brachu and the brachiuhis are 
antagonistic to the tniceps brachu, and the triceps brachii is 
antagonishe to the biceps brachu and the brachialis muscles 


- > roa } . 
When one antagoniste group contracts, the other one must relax: 


otherwise, movement does not occur 


of synergisuc and antagonistic muscles. The two heads 


Brachialis 
Temporalis 

Occipitalis ————_*" 
Sternocleidomasloid ) 


Trapezius 
Teres major 


Deltoid Infraspinatus 
Rhomboideus 

Tnceps 

brachi Lalissimus 
dorsi 


External abdominal 
oblique 


Gluteus medius 


Brachio 
radialis 


Gluteus 
maximus 


Adductor 
magnus 


— lhotibial tract 


Biceps femoris 
Semitendinosus 


Semimembranosus 


Gastrocnemius 
Soleus 


Peroneus longus 
Tendo calcaneus 


} as 
- Margulies/Waldrop 
(b) 


_ fm Ongins 


> —+—___ Ball-and-socket 


Seaps joint 


Origing————__aea 


Flexors: 


Biceps 


Extensors: 1 brachn m 


Long head of 
Iriceps brachii m 


Brachialis m 


Lateral head of 


tniceps brachu m t/ 
Medial head of { sis 
Inceps brachn m \ Insertion 
Hinge joint ty - 
Insertion —~ 
Creer 
| Raduse 
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Unipennate eee, 
FIGURE 13.3 Farce 


Skeletal muscle architecture. 


As you learn the muscles of the body, attend to the 
derivations of the names and identify the muscles on your- 
self. Learn them as functional groups so that you will better 
understand their actions. If you can identify a muscle on 
yourself, you will be able to contract the muscle and describe 
its action. Learning anatomy in this way is easiest and most 
meaningful; moreover, retention ts improved. 

The following are some examples of how the names of 
muscles have been logically derived: 

1 Shape: rhomboideus (like a rhomboid), trapezius (like a 


trapezoid); or denoting the number of heads of origin: triceps 


(three heads), biceps (two heads) 


2 Location: pectoralis (in the chest, or pectus); intercostal 


(between ribs); brachi (upper arm) 


3 Attachment: many factal muscles (zygomaticus, temporalts, 
nasalis): sternoclerdomastord (sternum, clavicle, and mastoid 


process of the skull) 


4 Size: maximus, (larger, Largest); minimus (smaller, smallest); 


longus (long); brevis (short) 


5 Orientation of fibers: rectus (straiht); transverse (across); 


oblique (in an oblique direction) 
6 Relative position: lateral, medial, internal, and external 


7 Function: adductor, flexor, extensor, pronator, and levator 
(lifter) 
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Muscles of the amtal skeleton mclude those responsible for facial 


expresston, mastication, eye movement, Longue movement, neck 
movement, and respirauon. Italso includes those of the abdommal 
wall, the pelvic outlet, and the vertebral column. 


Muscles of Facial Expression 


Humans have a well-developed facial musculature (figs. 13.4 
and 13.5) that provides complex facial expressions as a 
means of social communication. Indeed, messaves are often 
conveyed by a person without a word spoken. 

The muscles of facial expression are ina superficial post- 
tion located on the scalp, face, and neck. Although highly 
variable in size and strength, these muscles all orminate from 
the bones of the skull or flat sheethike tendons and insert 
onto the hypodermis of the skin (table 13.1). They are all 
innervated by one of the two facial cranial nerves. The loca- 
tions and points of attachments of most of the factal muscles 
are such that, when contracted, they cause movements 
around the eyes, nostrils, or mouth. 


Muscular System 
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Galea aponeurotica 


Frontalis 


Temporalis 
Corrugator 


Orbicularis Orbitai — —— —— TP my Fe a Lf Orbicularis oculi 


ocull Palpebral 


Nasalis 
Zygomaticus minor and major 


(cut) 
Levator labii superioris (cut) 


Levator labu superioris 
Zygomaticus minor 
Zygomaticus major 


Orbicularis orig Buccinator 
UCCi 


Masseter 


Risorius 


Depressor 


anguli oris Orbicularis oris 


Depressor lab inferioris (Cut) 
Mentalis 

Platysma (cut) 
Sternocieidomastoid 


Platysma rail, 


Depressor labii inferioris 


Creek 


FIGURE 13.4 
An anterior view of the superficial 
facia] muscles involved in facial 


expression. 


Galea aponeurotica 
Frontalis (cut) 


Periosteum 
Adipose layer 


Superficial and deep layers Corrugator supercili 
of temporal fascia 


Temporalis 
Occipitalis 


Orbicularis oculi 
(orbital and palpebral Parts) 


ieaieardh ibs Nasalis 
= w Levator tabi supenioris 
_ Zygomaticus minor 


Zygomaticus major 


Masseter Buccinator 
Orbiculans oris 


Risonus 


Depressor labu infenoris 


Sternocleidomastoid Mentalis 


Depressor 
anguli ons 


FIGURE 13.5 
A lateral view of the superficial facial 
muscles involved in facial expression. 
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Table Wd] ‘ Muscles of 


facial expression 


. ‘© ; . 


Galea aponeurotica and 
occipital bone 


Galea aponeurotica 


Occipital bone and mastoid process 
Fascia above eyebrow 

Bones of medial orbit 

Maxilla and nasal cartilage 

Fascia surrounding lips 

Upper maxilla and zygomatic bone 
Zygomatic bone 

Fascia of cheek 

Mandible 

Mandi 


platysma: Gk. platys, broad 
buccinator: L. bucca, cheek 


corrugator: L. corrugo, a wrinkle 
risorius: L. risor, a laughter 
mentalis L. mentum, chin 


concern for several reasons, each of which involves 
the facial nerve. Located right under the skin, the 
* many branches of the facial cranial nerve are 

vulnerable to trauma. Facial lacerations and fractures of 
the skull {frequently damage branches of this nerve. The 
extensive pattern of motor innervation (see fig. 16.8) 
becomes apparent tn stroke victims and people suffering 
{rom Bell's palsy. The facial muscles on one side of the face 
are affected in these people, and that portion of the face 


\ The muscles of facial expression are of clinical 


appears to sag. 


Muscles of Mastication 


The large temporalis and masseter (ma-se ‘ter) muscles (fig. 
13.6) are powertul elevators of the mandible in synergy with 
the medial pterygoid (ter i-goyd) muscle. The primary 
function of the medial and lateral prerygord muscles ty to 
provide grinding movements of the teeth. The lateral ptery- 
goid muscle also protracts the mandible (table 13.2). Each 
of the muscles of mastication ts innervated by the mandibu- 
lar nerve, a branch of the trigeminal cranial nerve. 


Downloaded from Durr-e-Danish Library 


Insertion 


Skin of eyebrow and galea 
aponeurotica 


Skin of eyebrow 


Galea aponeurotica 

Root of nose 

Tissue of eyelid 

Aponeurosis of nose 

Mucosa of lips 

Orbicularis oris and skin above lips 
Superior corner of orbicularis oris 

Orbicularis oris at corner of mouth 
Inferior corner of orbicularis oris 


Wrinkles forehead and 
moves scalp 


Wrinkles forehead and 
elevates eyebrow 


Moves scalp backward 


Draws eyebrows toward midlin 


Closes eyes 
Compresses nostrils 
Closes and purses lips 
Elevates upper lip 


Elevates corner of mouth 


Draws angle of mouth later: l 


Depresses corner of mout! 


Orbicularis oris and skin of lower lip 


Depresses lower lip 


Ocular Muscles 


The movements of the eyeball are controlled by six extrin- 
sic ocular (eye) muscles (fig. 13.7). Five of these muscles 
arise from the margin of the optic canal at the back of the 
orbiral cavity and insert on the outer layer (sclera) of the 
eyeball. Four rectus muscles maneuver the eyeball in the 
direction indicated by their names (superior, inferior, lat- 
eral, and medial), and two oblique muscles (superior and 
inferior) rotate the eyeball on its axis. The medial rectus 
on one side contracts with the medial rectus of the oppo- 
site eye When focusing on close objects. When looking to 
the side, the lateral rectus of one eyeball works with the 
medial rectus of the opposite eyeball to keep both eves 
focused together. The superior oblique muscle passes through 
a pulleylike cartilaginous loop, the rochlea, before attaching 
to the eyeball. The ocular muscles are innervated by three 
cranial nerves (table 13.3). 

Another muscle, the levator palpebrae (le-vi ‘tor pul pe- 
bre) superioris muscle (fig. 13.7), 1 located in the ocular 


Muscular System 


FIGURE 13.6 

Muscles of mastication. (a) A 
superficial view, (b) a deep 
view, and (c) the deepest view, 
showing the pterygoid muscles. 
(The muscles of mastication are 
labeled in boldface.) 
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Deep fascia 
over temporalis 


Buccinator 


Parotid gland Orbicularis 


oris 


Masseter 


Mandible 


Temporalis 


Zygomatic bone Lateral 


(cut) 
Maxilla 


Buccinator 


Mandible 
Coronoid (cut) 
process of 


mandible 


Masseter 
(cul) 


Medial 
pterygoid 


(b) (c) Creek 


ecccccceseceeesesseeseseeseeeeeseess 


masseter Gk maseter, chew 
pterygoid Gk pferon, wing 
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Superior 
rectus 
Trochiea 


Superior 
oblique 


Lateral 
rectus 
Optic 
canal 


Medial 
rectus 


Inferior 
rectus 


Inferior 
oblique 


(a) 


FIGURE 13.7 

Extrinsic ocular muscles of the left eyeball. (a) An anterior view 
and (b) a lateral view. (The extrinsic occular muscles are labeled 
in boldface.) 


‘ porn ry 


Table 13.3 


ry ene 


Ocular muscles 


region but is not attached to the eyeball. It extends into the 
yelid when contracted. 


upper eyelid and raises the e 


Muscles That Move the longue 


a highly specialized muscular organ that func- 
manipulating food during mastication, 
cleansing the teeth, and swallowing. Two groups of skeleral 
esponsible for tongue movement: INETINSIC and 
are confined within the 


The tongue ts 
tions in speaking, 


muscles are 


extrinsic. The intrinsic muscles 
esponsible for its mobility and changes of 


muscles are those that originate on 


tongue and are r 


shape. Extrmstc tongue 
tongue and insert onto if to Cause 


Yross tongue Mav ement (see fie. l 3.8 and table | 3.4). The 


three paired extrinsic muscles are the genioglossus, sty- 
Each of the extrinsic 


Structures away from the 


loglossus, and hyoglossus muscles. 


tongue muscles is innervated by the hypoglossal cranial 


Trochiea 
Superior oblique 
Levator palpebrae superioris 


Optic nerve 


(b) Inferior oblique 


nerve. When the anterior portion of the genioglossus is con- 
tracted, the tongue is depressed and thrust forward. If both 
genioglossus muscles are contracted together along their 
entire lengths, the surface of the tongue becomes transversely 
concave. This muscle is extremely important in infants for 
sucking; the tongue 1s positioned around the nipple with a 
concave groove channeled toward the pharynx. 


Muscles of the Neck 


Muscles of the neck either support and move the head or 
are attached to structures within the neck region, such as 
the hyoid bone and larynx. Only the more obvious neck 
muscles will be considered in this chapter. These muscles 
are illustrated in figures 13.9 and 13.10 and are summarized 
in table 13.5. 


Posterior Muscles 9 The posterior muscles include the ster- 
nocleidomastoid (which originates anteriorly), trapezius, sple- 
nius capitis, semispinalis capitis, and longissimus capitis muscles. 

As the name imphes, the sternocleidomastoid (ster ” 
no-kli” do-mas‘ toid) muscle originates on the sternum and 
clavicle and inserts on the mastoid process of the skull (fig. 
13.10). When contracted on one side, it turns the head side- 
ways ina direction opposite the side on which the muscle is 
located. If both sternocleidomastotd muscles are contracted, 
the head ay pulled forward and down. The sternocleidomas- 
toid Is covered hy the platysma, (see fig. | 35 and table 13.5). 

Although a portion of the trapezius muscle extends 
over the posterior neck region, itty primarily a superficial 
muscle of the back and will be described Later. 
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FIGURE 13.8 


Extrinsic muscles of the 


tongue and deep structures 

of the neck. (The extrinsic 

muscles of the tongue are 
vie ; 

labeled in boldiace,) Palatoglossus 


Superior pharyngeal 
constrictor (cut) 


Palatine tonsil 

Stylohyoid 

Stylopharyngeus 

Middle pharyngeal constrictor 
Digastric (cut) 

Hyoid bone 

Omohyoid (cut) 

Sternohyoid (cut) 


Thyrohyoid 


Inferior pharyngeal constrictor 


Esophagus 


—— 


Sr = Bias gis Tr 3) pir Bt 


Table 19.4 extrinsic tongue muscle 


Ee Ses 


PTRRUREUOCE UEC ESSERE) 


genioglossus: L. geneion, chin, glossus, tongue 


The splenius capitis muscle is a broad muscle posi- 
tioned deep to the trapezius (fig. 13.9). It originates on the 
ligamentum nuchae and the spinous processes of the sev- 
enth cervical and first three thoracic vertebrae. It inserts on 
the back of the skull below the superior nuchal line and on 
the mastoid process of the temporal bone. When the splenius 
capitis contracts on one side, the head rotates and extends to 
one side. Contracted together, these muscles extend the 
head at the neck. Further contraction causes hyperexten- 
sion of the neck and head. 


a 
a 7 
2 ae 
syiete 

ayitt as . s 


longue 


Tongue 


Inferior longitudinal 
muscle of tongue 


Mandible (cut) 


Genioglossus 


Hyoglossus 
Styloglossus 


Mylohyoid (cut) 
Thyroid cartilage 
Sternothyroid (cut) 
Cricothyroid 


The broad, sheetlike semispinalis capi- 
tis muscle extends upward from the seventh 
cervical and first six thoracic vertebrae to 
insert on the occipital bone (fig. 13.9). 
When the two semispinalis capitis muscles 
contract together, they extend the head at 
the neck, along with the splenius capitis 
muscle. If one of the muscles acts alone, the 
head is rotated to the side. 

The narrow, straplike longissimus 
capitis muscle ascends from processes of 
the lower four cervical and upper five tho- 
racic vertebrae and inserts on the mastoid 
Process of the temporal bone (fig. 13.9). 


This muscle extends the head at the neck, 
bends it to the one side, or rotates it slightly. 


Suprahyoid Muscles The group of supr 


ahyoid muscles 
located above the hyoid bone include 


s the digastric, mylo- 
hyoid, geniohyoid, and stylohyoid muscles (tig. 13.10). 


The digastric muscle is a two-bellicd muscle of dou- 
ble origin that inserts on the hyoid bone. The anterior ort 
gin is on the mandible at the point of the chin, and the 
posterior origin is near the mastoid process of the skull. The 
digastric can open the mouth or elevate the hyoid. 
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FIGURE 13.9 


Deep muscles of the posterior 
neck and upper back regions. 


Semispinalis capitis 
Splenius capitis 


Sternocleidomastoid 


Serratus posterior 
superior 


Rhomboideus 
minor (cut) 


ey Rhomboideus 
major (cut) 


FIGURE 13.10 
. Muscles of the anterior and 
lateral neck regions. 


Sternocleidomastoid 


Semispinalis capitis 


Splenius capitis 
Common carotid artery 


Levator scapulae 


Trapezius 


Scalenus medius 
inferior belly 
of omohyoid 


Brachial 
plexus 


Scalenus anterior 


Piatysma (cut) 


— eer 


Rectus capitis posterior minor 
Rectus capitis posterior major 


Obliquus capitis superior 
Obliquus capitis inferior 
Longissimus capitis 
Splenius cervicis 


Levator scapulae 
Scalenus medius 


\ —_— Scalenus posterior 


_- Posterior belly of _ 
digastric 


Hyoglossus 
Mylohyoid 
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Muscle Origin Insertion Action 
Sternocleidomastoid Sternum; clavicle Mastoid process of Turns head to side; Accessory n. 
temporal bone flexes neck soils 

Digastric Inferior border of Hyoid bone Opens mouth; Trigeminal n. (ant. belly); 
mandible; mastoid elevates hyoid bone facial n. (post. belly) 
groove ae 

Mylohyoid Inferior border Body of hyoid bone and Elevates hyoid bone and Trigeminal n. 
of mandible median raphe floor of mouth 

Geniohyoid Medial surface of Body of hyoid bone Elevates hyoid bone Hypoglossal n. 
mandible at chin 

Stylohyoid Styloid process of Body of hyoid bone Elevates and retracts tongue _—Facial n. 
temporal bone 

Sternohyoid Manubrium Body of hyoid bone Depresses hyoid bone Hypoglossal n. 

Sternothyroid Manubrium Thyroid cartilage Depresses thyroid cartilage Hypoglossal n. 

Thyrohyoid Thyroid cartilage Great cornu of hyoid bone Depresses hyoid bone; Hypoglossal n. 

elevates thyroid 
Omohyoid Superior border Clavicle; body of hyoid bone Depresses hyoid bone Hypoglossal n. 


of scapula 


a 


digastric: L. di, two; Gk. gaster, belly 
mylohyoid: Gk. my/os, akin to; hyoeides, pertaining to hyoid bone 
omohyoid: Gk. omos, shoulder 


The mylohyoid muscle forms the floor of the mouth. It 
originates on the inferior border of the mandible and inserts 
on the median raphe and hyoid bone. As this muscle con- 
tracts, the floor of the mouth ts elevated. It aids swallowing 
by forcing the food toward the back of the mouth. 

The short, straplike geniohyoid muscle (see fig. 13.8) is 
deep to the mylohyoid muscle. The geniohyoid muscle 
extends from the medial surface of the mandible at the chin 
to the hyoid bone, which it elevates as it contracts. 

The slender stylohyoid muscle extends from the sty- 
loid process of the skull to the hyo bone, which it elevates 
as it contracts. The secondary effect of this muscle on tongue 
movement has already been described. 


Infrahyoid Muscles = !nfrahyoid muscles are paired, thin, 
straplike muscles located below the hyoid bone. They are 
individually named on the basts of their origin and inser- 
tion and include the sternohyoid, sternothyroid, thyrohy- 
oid, and omohyoid muscles (fig. 13.10). 

The sternohyoid muscle originates on the manubri- 
um of the sternum and inserts on the hyoid. It depresses the 
hyoid bone as it contracts. 

The sternothyroid muscle also originates on the 
manubrium but inserts on the thyroid cartilage of the larynx. 
When this muscle contracts, the larynx is pulled downward. 


The short thyrohyoid muscle extends from the thy- 
roid cartilage to the hyoid bone. It elevates the larynx and 
lowers the hyoid bone. 

The long, thin omohyoid muscle originates on the 
superior border of the scapula and inserts on the clavicle bone 
and on the hyoid bone. It acts to depress the hyoid bone. 


Muscles of Respiration 


The muscles of respiration are skeletal muscles that contin: 
ually and rhythmically contract, usually involuntarily. Breath- 
ing, or pulmonary ventilation, is divided into two phases: 
insptration (inhalation) and expiration (exhalation). 

During normal, relaxed inspiration, the important 
muscles are the diaphragm (di ‘a-fram), the external inter- 
costal muscles, and the interchondral portion of the inter- 
nal intercostal muscles (fig. 13.1] ). A downward 
contraction of the dome-shaped diaphragm causes a vertt- 
cal increase in thoracic dimension. A simultaneous con- 
traction of the external intercostal muscles and the 
interchondral portion of the internal intercostal muscles 
produces an increase in the lateral dimension of the thorax. 
In addition, the sternocleidomastoid muscle and scalenes 
muscle may assist in inspiration through elevation of the 
first and second ribs, respectively. The intercostal muscles 
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Muscles of Inspiration y 


Sternocleidomastoid 


Scalenes 


External intercostals 


Internal intercostals 
(interchondral part) 


FIGURE.13 1) cei 
Muscles of respiration. | ere: 


+ x OS ae Sa 


are innervated by the intercostal nerves, and the diaphragm 
receives its stimuli through the phrenic nerves. 

Expiration is primarily a passive process, occurring as 
the muscles of inspiration are relaxed and the rib cage recoils 
to its original position. During forced expiration, the 
Interosseous portion of the internal intercostal muscles con- 
tracts, causing the rib cage to be depressed. This portion of 
the internal intercostal muscles lies under the external inter- 
costal muscles, and its fibers are directed downward and 
backward. The abdominal muscles may also contract dur- 
ing forced expiration, which increases pressure within the 
abdominal cavity and forces the diaphragm superiorly, 
squeezing additional air out of the lungs. 


Muscles of the Abdominal Wall 


The anterolateral abdominal wall is composed of four pairs 
of flat, sheetlike muscles: the external abdominal oblique, 
internal abdominal oblique, transversus abdominis, and rec- 
tus abdominis muscles (fig. 13.12). Each of these muscles is 
innervated by intercostal nerves. The abdominal muscles 
support and protect the organs of the abdominal cavity and 


Internal intercostals ; J 

(excluding interchondral : ie 

part) : 

3j 

External abdominal oblique : : 

Internal abdominal oblique 4 

pm le at sys 
Transversus abdominis : 

“Rectus abdominis aie 
Set HADEN 6O 4. rare Bnet 4 


aid in breathing. When they contract, the pressure in the 
abdominal cavity increases, which can aid in defecation and 
in stabilizing the spine during heavy lifting. 

The external abdominal oblique muscle is the 
strongest and most superficial of the three layered muscles 
of the lateral abdominal wall. Its fibers are directed inferi- 
orly and medially. The internal abdominal oblique mus- 
cle hes deep to the external abdominal oblique, and its 
fibers are directed at right angles to the external abdominal 
oblique. The transversus abdominis muscle 1s the deepest 
of the abdominal muscles, and its fibers pass directly medi- 
ally around the abdominal wall. The long, straphike rectus 
abdominis muscle is entirely enclosed in a fibrous sheath 
formed from the aponcuroses of the other three abdominal 
muscles. The linea alba is a band of connective tissue on 
the midline of the abdomen that separates the two rectus 
abdominis muscles. Tendinous inscriptions transect the rec- 
tus abdominis muscles at several points, causing the sur- 
face abdominal anatomy of a well-muscled person to 
segmented. 

Refer to table 13.6 for a summary of the muscles of the 
abdominal wall. 


appear 


Muscles of Expiration : a 


Muscular System 
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FIGURE 13.12 


Muscles of the anterolateral neck. 
shoulder, and trunk regions. The 


mammary gland js an integumentary 
structure positioned over the pectoralis 


major muscle. Sternocleidomastoid 


Splenius capitis 
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Levator scapulae @ 
Short head of 
biceps brachu 


Trapezius { 
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Deltoid 
Coracobrachialis 
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Pectoralis major J y 


Scalenus medius 
Long and lateral heads 


of triceps brachii 
Subscapularis 


Inferior belly of 
omohyoid 


Teres major 
Mammary gland lobule 
Nipple 
Latissimus dorsi 
Areola 


Lactiferous sinus Serratus anterior 


Fat body Mammary lobes 


~ External abdominal oblique (cut) 
External intercostal 


Internal intercostal 
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Tendinous inscription 
U minal oblique (cut 
Anterior layer of External abdominal oblique (cut) 


ieeia shone Internal abdominal oblique (cut) 


Linea alba 
Transversus abdominis 
Umbilicus 


Rectus abdominis 


. ani in its functions. Either or both of these muscles are occa 
Muscles of the Pelvic Dutlet sionally stretched and torn during parturition. 

Inferior to the pelvic diaphragm are the perineal mus- 
cles. These muscles are arranged in a superficial layer, con 
sisting of the bulbocavernosus, ischiocavernosus, and the 
transversus perine: superticialis muscles, and a deep layer. 
consisting of the deep transversus periner muscle and the 
external anal sphincter (fig. 13.13). Muscles of the deep 
layer, with a fascia, constitute the urogenttal diaphragm. The 
external anal sphincter muscle of the deep layer is a {unnel- 
shaped constrictor muscle that surrounds the anal canal. 
The muscles of the pelvic diaphragm and the urogenital 


The pelvic outlet, or floor of the pelvis, ts the inferiorly 
positioned muscular wall that supports the pelvic viscera. It 
consists of the levator ant and coccygeus muscles, collec- 
tively called the pelvre diaphragm. The openings tor the ure- 
thra and the rectum, as well as the vaginal opening in the 
female, pass through the pelvic diaphragm. 


The levator ani muscle tormy a thin sheet of muscle 


that helps to support the pelvic Visceral and constrict the 


lower part of the rectum, pulling wt forward and aiding dete- 


cation. The fan-shaped coceygeus muscle aids the levator 


& 
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Table iH fi Muscles of the abdominal wall 
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rectus abdominis: L. rectus, straplike; abdomino, belly 


diaphragm are similar in the male and female, but the per- 
ineal muscles of each sex markedly differ. 

In males, the bulbospongiosus muscle of one side 
unites with that of the opposite side to form a muscular con- 
striction surrounding the base of the penis. When contract- 
ed, the two muscles constrict the urethral canal and assist 
in emptying the urethra. In females, these muscles are sepa- 
rated by the vaginal orifice, which they constrict as they 
contract. The ischiocavernosus muscle inserts onto the 
pubic arch and crus of the penis in the male and the pubic 
arch and crus of the clitoris of the female. This muscle aids 
the erection of the penis in the male and that of the clitoris 
in the female. 

The levator ani muscle and the transversus perinei 
muscle are innervated by the pudendal plexus. The coc- 
cygeus, bulbospongiosus, and ischiocavernosus muscles are 
innervated by the perineal branch of the pudendal nerve. 

The muscles of the pelvic outlet are illustrated in figure 


13.13 and summarized in table 13.7. 


Muscles of the Vertebral Column 


The muscles that move the vertebral column are strong and 
complex because they have to provide support and move- 
ment in resistance to the effect of gravity. 

The vertebral column can be flexed, extended, abduct- 
ed, adducted, and rotated. The muscle that flexes the ver- 
tebral column, the rectus abdomints, has already been 
described as a paired, straplike muscle of the anterior abdom- 
inal wall. The extensor muscles, located on the posterior 


side of the vertebral column, have to be stronger than the 


€ ee ed 


flexors because extension (such as lifting an object) is in 
opposition to gravity. The extensor muscles consist of a 
superficial group and a deep group. Only some of the muscles 
of the vertebral column will be described here. 

The erector spinae muscles constitute a massive super- 
ficial muscle group that extends from the sacrum to the skull. 
It actually consists of three groups of muscles: the iliocostal- 
is, longissimus, and spinalis muscles (fig. 13.14). Each of 
these groups, in turn, consists of overlapping slips of muscle. 
The iliocostalis is the most lateral group, the longissimus is 
intermediate in position, and the spinalis, in medial posi- 
tion, is positioned in contact with the spinous processes of 
the vertebrae. 


<a The erector spinae muscles are frequently strained 
through improper lifting of objects. A heavy object 
should not be lifted with the vertebral column flexed; 
instead, the thighs and knees should be flexed so that 
the pelvic and leg muscles can aid in the task 
The erector spinae muscles are also frequently strained 
during pregnancy. Pregnant women will try to counterbalance 
the effect of the protruding abdomen by hyperextending the 
vertebral column. This causes an exaggerated lumbar 
curvature, strained muscles, and a peculiar gant. 


The deep quadratus lumborum muscle originates on the 
ihac crest and the lower three lumbar vertebrae. It inserts on 
the transverse processes of the first four lumbar vertebrae and 
the inferior margin of the twelfth rb. When the quadratus 
lumborum muscle contracts on both sides (acts jointly), the 
vertebral column in the lumbar region extends. Separate con- 
traction causes lateral flexion of the spine. 

A summary of the major muscles of the back is pre- 
sented in table 13.8. 


Muscular System 


Downloaded from Durr-e-Danish Library 


Chapter Thirteen 


Scrotum 


Bulbospongiosus 
Ischiocavernosus 


Deep transversus 


Gluteus maximus 


(a) 


diaphragm 


Symphysis 
pubis 


(c) 
FIGURE 13.13 


Muscles of the pelvic outlet: (a) male and (b) female 
(c) A superior view of the internal muscles of the female 


pelvic outlet. 


Urethral orifice 


NS 
— ee end at Se 
iS" ——— 


(b) 


Ihococcygeus 
muscle 


Pubococcygeus 
muscle 


Sacroiliac 
articulation 


Clitoris 


tA" 
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vicoutlet 


Rectus capitis posterior minor 


Rectus capitis posterior m 
PANS seater ae Semispinalis capitis 


Obliquus capitis superior (medial and lateral part) 


Ngissimus capitis 
Obliquus capitis interior Congannus Capi 


Muscular System 


= Longissimus cervicis 
Semispinalis cervicis 


First thoracic vertebra 


lhocostalis cervicis 


Semispinalis thoracis Semispinalis cervicis 


Spinalis thoracis 
Longissimus thoracis 


lhocostalis thoracis 
Levator 


costarum 


hocostalis lumborum 
Quadratus lumborum 


Erector spinae 
Multifidus 


FIGURE 13.14 

Muscles of the vertebral column. The 
superficial] neck muscles and erector 
spinae group of muscles are 
illustrated on the nght, and the deep 
neck and back muscles are illustrated 
on the left. 
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Table 10.8 Muscles of the vertebral column 


le Origin Innervation 


Insertion 


Extends lumbar region, 
lateral flexion of 
vertebral column 


Iliac crest and lower 
three lumbar vertebrae 


Twelfth rib and upper 
four lumbar vertebrae 


Consists of three groups of muscles: iliocostalis, longissimus, and spinalis. The iliocostalis and longissimus 
are further subdivided into three groups on the basis of location along the vertebral column. 


Crest of illium Extends lumbar region Posterior rami of lumba: 


Lower six ribs 


Posterior rami of thorac 


Lower six ribs Extends thoracic region 


Upper six ribs 


Angles of third to sixth rib Posterior rami of cervica 


Transverse processes of Extends cervical region 
fourth to sixth cervical 


vertebrae 


Transverse processes of 
all the thoracic vertebrae 
and lower nine ribs 


Transverse processes of 
lumbar vertebrae 


Extends thoracic region Posterior rami of spinal nerve 
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Transverse processes of 
upper four or five thoracic 
vertebrae 


Transverse processes of 
upper five thoracic 


Transverse processes of 
second to sixth cervical 
vertebrae 


Posterior margin of cranium 
and mastoid processes 


Extends cervical region and 
lateral flexion 


Extends joint of cervical 
vertebrae 


Posterior rami of spinal nerve 


Posterior rami of middle ani 
lower cervical nerves 


vertebrae and articular 
processes of lower three 


Wild 


The muscles of the appendicular skeleton mclude those of the pectoral 
girdle, arm, forearm, wrist, hand, and fingers and those of the pelvic 
girdle, thigh, leg, ankle, foot, and toes. 


Muscles That Act on the Pectoral birdle 


The shoulder is attached to the axial skeleton only at the 
sternoclavicular joint; therefore, strong, straplike muscles 
are necessary. Furthermore, muscles that move the brachium 
originate on the scapula, and during brachial movement the 
scapula has to be held fixed. The muscles that act on the 


® 
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pectoral girdle originate on the axial skeleton and can be 
divided into anterior and posterior groups. 

The anterior group of muscles that act on the pectoral 
girdle includes the serratus anterior, pectoralis minor, and 
subclavius muscles (fig. 13.15). The posterior group includes 
the trapezius, levator scapulae, and rhomboideus muscles (fig. 
13.16). The position of these muscles is such that one muscle 
does not cause an action on its own, but rather several muscles 
contract synergistically to result in any movement of the girdle. 


Treatment of advanced Stages of breast cancer 
requires the surgical removal of both pectoralis major 
and pectoralis minor muscles in a procedure called a 
radical mastectomy Postoperative physical therapy 
is primanily geared toward strengthening the synergistic 
muscles of this area As the muscles that act on the brachium 
are learned, determine which are synergists with the 
pectoralis major muscle : 


2 


_ FIGURE 13.15 

' Muscles of the anterior trunk and 
shoulder regions, The superficial 

__ muscles are illustrated on the right 

» and the deep muscles are illustrated 
on the left. 


Latissimus dorsi 


External abdominal 
oblique , 


Anterior layer of 
rectus sheath 


The muscles that act on the pectoral girdle are sum- 


marized in table 13.9. 


Muscles That Move the Humerus 


Of the nine muscles that span the shoulder joint to insert 
on the humerus, only two of them, the pectoralis major and 
latissimus dorsi, do not originate on the scapula. These two 
are designated as axial muscles, whereas the remaining seven 
are scapular muscles. The muscles of this region are shown in 
figures 13.15 and 13.16, and the attachments of all the mus- 
cles that either originate or insert on the scapula are shown 


in figure 13.17. 


In terms of their development, the 5 ectoralis major 

and the latissimus dorsi muscles are not axial muscles 
) at all They develop in the forelimb and extend to the 

trunk secondanily. They are considered axial muscles 


only because their origins are on the axial skeleton 


; | 

- we d 

ey 

bE Stu 

’ J 

| 

Pectoralis major (cut) = 

j 2 ; . ‘ A 

« f 

5 

’ 

4 

Internal intercostal t2 

. - by - j 

External abdominal . nf 

oblique (cut) ; 

Internal abdominal : 

oblique (cut) ee’ | 
Transversus abdominis 

Rectus abdominis - : 

’ 


Axial Muscles) The axial muscles include the pectoralis 
major and latissimus dorsi muscles. 

The pectoralis major muscle is a large chest muscle 
(fig. 13.15) that binds the humerus to the scapula. It is the 
principal flexor muscle of the arm. The large, flat, triangular 
latissimus dorsi muscle covers the lower half of the tho- 
racic region of the back (see fig. 13.16) and ts the antagonist 
to the pectoralis major muscle. The latissimus dorst is fre- 
quently called the “swimmer's muscle” because it powerful- 
ly extends the shoulder joint, drawing the arm downward 
and backward while it rotates medially. Extension of the arm 
is in reference to anatomical position and is therefore a back- 
ward, retracting (increasing the shoulder joint angle) move- 
ment of the arm. 


Scapular Muscles = The nonaxial scapular muscles include 
the deltoid, supraspinatus, infraspinatus, teres major, teres 
minor, subscapularis, and coracobrachialis muscles. 


Muscular System 
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Splenius capitis 


Sternocleidomastoid 


Vertebra prominens 


Trapezius 


Spine 


of scapula a 2 


Deltoid 


Intraspinatus 
(covered by tascia) 


Teres minor 
(covered by fascia) 


Teres major 


Latissimis dors: 


External abdominal oblique 


Gluteal fascia 


Gluteus maximus 


FIGURE 13.16 


Muscles of the posterior neck, shoulder, trunk, and gluteal 
regions. The superficial muscles are illustrated on the left and the 


deep muscles are illustrated on the nght. 


The thick, powerful deltoid muscle caps the shoulder 
joint (figs. 13.18 and 13.19). Although it has several func- 
tions (see table 13.10), the principal action of the deltoid 
muscle 1s abduction of the arm at the shoulder joint. Func- 
tioning together, both the pectoralis major and the Latissimus 
dorst muscles are antagonists to the deltord muscle in that 
they cause adduction of the arm at the shoulder joint. The 
delroid muscle is a common site for intramuscular injections. 

The remaminy six scapular muscles also help stabilize 
the shoulder and have specific actions at the shoulder joint 
(see rable 13.10). The supraspinatus muscle laterally 


rotates the humerus and ts synergistic with the deltoid in 


Semispinalis capitis 
Splenius capitis 


Levator scapulae 


Splenius cervicis 


Rhomboideus minor 


I Serratus posterior 


abducting the arm at the shoulder joint. The 
infraspinatus muscle rotates the humerus 
laterally. The action of the teres major 
muscle 1s similar to that of the latis. 
simus dorsi, adducting and mednally 
rotating the humerus. The teres 

minor muscle works with the 
infraspinatus in laterally rotating 
the humerus. The subscapularis 
muscle is a strong stabilizer of 
the shoulder and also aids in 
medially rotating the humerus. 
The coracobrachialis muscle 

is a synergist to the pectoralis 


Supraspinatus 


Infraspinatus 

Teres minor 
Rhomboideus major 
Teres major major muscle in flexing and 


Spinalis thoracis adducting the arm at the 


shoulder joint. 


Four of the nine 
\f muscles that cross the 
shoulder joint, the 
supraspinatus, 
infraspinatus, teres minor, and 
subscapularis, are commonly 
called the musculctendinous 
cuff, or rotator cuff. Their distal 
tendons blend with and 
reinforce the fibrous capsule of 
the shoulder joint en route to their 
points of insertion on the humerus. 
This structural arrangement plays 
a major role in stabilizing the 
shoulder joint. Musculotendinous cuff 
Injuries are common in baseball 
players. When throwing a baseball, 
there is complete abduction of the 
shoulder followed by a rapid and forceful 
rotation and flexion of the shoulder, which may 
strain the musculotendinous cuff. 


Longissimus 
thoracis 


lliocostalis 
thoracis 


inferior 


External abdominal oblique 


Gluteus medius 


Piniformis 


Muscles That Act on the Forearm 


The powerful muscles of the brachium are responsible for 
flexion and extension of the elbow joint. These muscles are 
the biceps brachii, brachialis, brachioradialis, and triceps 
brachu (figs. 13.18 and 13.19). In addition, a short triangu: 
lar muscle, the anconeus, ts positioned over the distal end of 
the triceps brachii muscle, near the elbow. 

The powertul biceps brachii muscle, positioned on the 
anterior surface of the humerus, is the most familiar muscle 
of the arm, yet at has no attachments on the humerus. The 
biceps brachii muscle has a dual origin: a medial tendinous 
head, the short head, arises trom the coracoid process ot the 
scapula, and the long head originates on the supertet 
tuberosity of the glenoid cavity, passes through the shoul- 
der joint, and descends in the intertubercular groove on the 


Downloaded from Durr-e-Danish Library 


igi rinrerica 


Table 1d.) Muscles that act on the pectoral girdle 


Action 


Upper eight or nine ribs Medial border of scapula _—Pulls scapula forward 


Sternal ends of third,  Coracoid process of 


fourth, and fifth ribs; scapula 
costal cartilage of first rib 


Inferior surface of 


and downward 


e\< eae 
Pulls scapula forward and Medial pectoral r 
downward - a 


Draws clavicle downward 


acromion of scapula 


. Occipital bone and spines Clavicle, spine, and 


Elevates scapula, draws head 


of seventh cervical and acromion of scapula back, adducts scapula, 


all thoracic vertebrae 


braces shoulder 


First to fourth cervical Superior angle of scapula _— Elevates scapula 


vertebrae 


Medial border of scapula Elevates and adducts scapula 


trapezius: Gk. trapezoeides, trapezoid shaped 
rhomboideus: Gk. rhomboides, rhomboid shaped 


Omohyoid 
Trapezius 


Levator Deltoid 
scapulae 

___. Supraspinatus 

fonypoweus s 2 Infraspinatus 
minor yz 
a | Teres minor 

‘ 

Infraspnatus Long head 


of triceps brachii 


Lateral head 
of triceps brachil 


Deltoid 


Rhomboideus 
major 


Brachialis 


Brachioradialis 


Extensor carpi 
radialis longus 


Extensor carpi 
ZH tadialis brevis 


P< \ Extensor digitorum 
t Extensor carpi 
ulnaris 


( Anconeus 


\\ 
FIGURE 13.17 
A posterior view cf the scapula and humerus showing the areas of 
attachment of the associated musclez, (Points of ongin are color- 
coded red, and pomnts of insertion are color-coded blue) 


Medial head of triceps 


Flexor carpi ulnanis —* , 


Triceps brachii 


Supraspinatus : ‘ i 


humerus. Both heads of the biceps brachti muscle insert 
on the radial tuberosity. The brachialis muscle is located 
on the distal anterior half of the humerus, deep to the 
biceps brachii muscle. It is synergistic to the biceps brachii 
muscle in flexing the forearm at the elbow joint. 

The prominent brachioradialis muscle is positioned 
along the lateral (radial) surface of the forearm. It too 
flexes the forearm at the elbow joint. 

The triceps brachii muscle, located on the posteri- 
or surface of the brachium, is the muscle antagonistic to 
the biceps brachii. It has three heads, or origins. Two of 
the three, the lateral head and medial head, arise from 
the humerus, whereas the long head arises from the infra- 
glenoid tuberosity of the scapula. A common tendinous 
insertion attaches the triceps brachii muscle to the olec- 
ranon of the ulna. The triceps brachii and the small 
anconeus muscles extend the forearm at the elbow joint. 

Refer to table 13.11 for a summary of the muscles 
that act on the forearm. 


Muscles of the Forearm That Move the Wrist 
Hand, and Fingers 


The muscles that cause wrist, hand, and most finger move- 
ments are positioned along the forearm (fies. 13.20 and 
13.21). Several of these muscles act on two joints—the 
elbow and wrist. Others act on the younts of the wrist, 
hand, and digits. Sull others produce rotational movement 


Muscular System 
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FIGURE 13.18 —_—_——— 
Muscles of the right 2 
shoulder and 
brachium. 


/ ~ Pectoralis 
Deltoid HEEL, 


Coracoid process 
minor 


of scapula 


din \ J Subscapularis 
Coracobrachialis fl ELL SL /a / 
Long head 
of biceps brachii 
Pectoralis 
major 


Teres 


Short head 


‘ AN major of biceps 
brachi' 
Humerus | 
Latissimus 
dors! 
Short head of | 


biceps brachii ‘ang head ot 
triceps brachii Radial 
tuberosity 


Medial head of Deltoid 
triceps brachii 


Long head of 
biceps brachii 


Coracobrachialis 
Brachial artery 


Median nerve 
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Brachialis 
Brachialis 


Bicipital 
Brachioradialis ah | j ae 
Coronoid process 
Creek ee 


Table 13.10 Muscles that move the humerus : . ¥4 


Muscle Origin Insertion Action 


Innveration 
Pectoralis major Clavicle, sternum, costal 


cartilages of second to 
sixth rib; rectus sheath 


Crest of greater tubercle of 


Flexes, adducts, and rotates 
humerus edi 


Medial and lateral pectoralnn. = 


eee eeeeeeee 


pectoralis major L pectus chest 
latissimus dors! L /afissimus, widest 
deltoid Gk delta triangular 
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~ FIGURE 13.19 
i~S Infraglenoid Muscles of the nght 
tubercle posterior shoulder and 
Humerus brachium. 


Deltoid 


Lateral head 


Long head 


Triceps 
brachii 


Latissimus 
dorsi (cut) Lateral head of 


triceps brachii 


Long head of 
triceps brachii 


Brachialis 


Medial head of 
triceps brachii 


Brachioradialis Medial head of 
triceps brachii 


Extensor carpi Tendon of 
radialis longus triceps brachii 


Muscular System 


Ulnar nerve 


Olecranon 


Olecranon 
of ulna 


Anconeus 


-Infraspi : Infraspinous fossa of é reat ut ercle of hume rus Rotates ai m la eral fat ; 5 
scapula shoulder joint — : i 

Teres major Inferior angle and lateral Crest of lesser tubercle of Extends humerus, or adducts Lower subscap ular 
border of scapula humerus and rotates arm medially at 7 \ 


shoulder joint =a 
Greater tubercle of humerus _— Rotates arm laterally at Axillary n. 
shoulder joint 


Subscapularis Subscapular fossa Lesser tubercle of humerus _— Rotates arm medially at Subscapular n. 
shoulder joint , 


Teres minor Lateral border of scapula 


teres major L. feres, rounded 
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Table W.11 | Muscles that act on the forearm 
bites SP Oiaia” |” ener 


ene 2d tg 


__ Action 


a 


ae ; ae = 
"Biceps brachii —_Coracoid process; tuberosity Radial tuberosity Flexes elbow joint; supinates © Musculocutaneous n. 
th above glenoid cavity of forearm and hand at 
scapula elbow joint 
- Brachialis Anterior shaft of humerus Coronoid process of ulna Flexes elbow joint Musculocutaneous, Median, 
Ss and radial nn. i 
Brachioradialis Lateral supracondylar ridge Proximal to styloid process —_Flexes elbow joint Radial n. 


of humerus of radius 


biceps brachii. L. biceps, two heads 


& triceps brachii: L. triceps, three heads 

= anconeus: Gk. ancon, elbow 

3 

e Brachial artery 

-_ 

2 Riedinn fetes Brachioradialis 

Q, 

im Lateral antebrachial a ee 

oO cutaneous nerve Ulnar Extensor carp: 
nerve 


Radial artery radialis longus 


Flexor carpi 

ulnaris Anconeus 
Extensor carp: 
ulnaris 


Brachioradialis 


Flexor carpi 
Extensor carpi radialis 7 
radialis longus lexor 
9 carpi Extensor carpi 


Palmaris longus radialis brevis 


ulnaris 
Extensor carpi 
tadialis brevis Extensor 
LS, superticial digitorum comm’ 
a digital flexor 
Radial artery Extensor digit! 
minimt 
Abductor pollicis er eae eaedes Abductor pollicis 
longus Flexor pollicis longus 
longus indicis 
Extensor Extensor pote 
Extensor pollicis ql Ulnar artery i brevis 
brevis Hf ! Pollicis 
Median nerve longus Superficial branch 


Dorsal branch 
of ulnar nerve 


rt 
Flexor retinaculum —___s_ ly of radial nerve 
iy 


Extensor 
retinaculum 


Radial arte’y 


Abductor digiti 


Abductor pollicis minimi 


brevis 


Flexor pollicis 
brevis 


Flexor digiti 
minimi brevis 


FIGURE 13.20 / j 
Superficial muscles of the right Adductor ‘ / iid 
jorearm. (a) An antenor view pollicis 7 pl 


¥ 
' 
and (b) a posterior view Hi if it 
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) 


Pronator teres 


Interosseous 
membrane 


Pronator 


uadratus 
q Pronator 


quadratus 


Tendons of 
superficial 
digital flexor (cut) 


‘ 


a 


i 


\ 


ae | 
3 


eC 


(a) 


at the radioulnar joint. The precise actions of these muscles 
are complex, so only the basic movements will be described 
here. Most of these muscles perform four primary actions on 
the hand and digits: supination, pronation, flexion, and 
extension. Other actions of the hand include adduction and 


abduction. 


Supination and Pronation of the Hand = The supinator 
muscle is positioned around the upper posterior portion of 
the radius (fig. 13.21), where it works synergistically with 
the biceps brachit muscle to supinate the hand. Two mus- 
cles are responsible for pronating the hand—the pronator 
teres and pronator quadratus. The pronator teres muscle is 
located on the upper medial side of the forearm, whereas 
the deep, anteriorly positioned pronator quadratus muscle 
extends hetween the ulna and radius on the distal fourth of 
the forearm. These two muscles work synergistically to rotate 
the palm of the hand posteriorly and position the thumb 
medially. 


—— Common flexor 
tendon 


Flexor digitorum 
profundis 


Deep digital 


Extensor 
carpi 
ulnaris 


Anconeus Extensor 


digitorum communis 


Supinator 


Abductor 
pollicis 
longus 


Pronator 
teres 


ry 
a Tendons 


of extensor 
carpi 
tadialis 
longus and 
brevis 


Extensor pollicis 
longus 


Extensor pollicis 
brevis 


Extensor indicis 


Muscular System 


Tendon of 
extensor ~ 
digitorum } 


FIGURE 13.21 


Deep muscles of the right 
forearm. (a) Rotators, 
(b) flexors, and (c) extensors. 


Flexion of the Wrist, Hand, and Fingers Six of the muscles 
that flex the wrist, hand, and fingers will be described from 
lateral to medial and from superficial to deep (see figs. 13.20 
and 13.21). Although four of the six arise from the medial 
epicondyle of the humerus (table 13.12), their actions on 
the elbow joint are minimal. The brachioradialis, already 
described, is an obvious reference muscle for locating the 
muscles of the forearm that flex the joints of the hand. 
The flexor carpi radialis muscle extends diagonally 
across the anterior surface of the forearm, and its distal cord- 
like tendon crosses the wrist under the flexor retmaculum. 
The narrow palmaris longus muscle, superficial in 
position on the anterior surface of the forearm, has a long, 
slender tendon that attaches to the palmar aponeurosis, where 
it assists in flexing the wrist. [tis the most variable muscle in 
the body and ts totally absent in approximately 8% of all 
people. In 4%, itis absent in one or the other forearm. Fur- 
thermore, itis absent more often in females than males, and 
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Muscles of the forearm that act on the wrist, hand, and digits 
Action 


lable Wd.Ie 


_ Muscle Origin Insertion 


Lateral epicondyle of Lateral surtace of radius Supinates hand Radial n. 
humerus and crest 
of ulna 
ator teres Medial epicondyle of humerus Lateral surface of radius Pronates hand Median n. 
Pronator quadratus —_—Distal fourth of ulna Distal fourth of radius Pronates hand Median n. 
lexor Carpi radialis Medial epicondyle of humerus Base of second and third Flexes and abducts hand Median n_ 
metacarpal bones at wrist 
almaris longus Medial epicondyle of humerus Palmar aponeurosis Flexes wrist Median n. 
lexor carpi ulnaris Medial epicondyle and Carpal and metacarpal bones —_—*Flexes and adducts wrist Ulnar n. 
olecranon 
rficial digital Medial epicondyle, coronoid Middle phalanges of digits Flexes wrist and digits at Median n. 
process, and anterior carpophalangeal and 
border of radius interphalangeal joints 
exor digitorum Proximal two-thirds of ulna Distal phalanges Flexes wrist and digits at Median and 
profundus and interosseous ligament carpophalangeal and ulnar nn. 
interphalangeal joints 
pollicis longus Shaft of radius, interosseous Distal phalanx of thumb Flexes joints of thumb Median n 
membrane, and coronoid ; 
process of ulna 
nsor carpi Lateral supracondylar ridge Second metacarpal bone Extends and abducts wrist Radial n.. 
alis longus of humerus ‘ 
nSOF Carpi Lateral epicondyle of humerus Third metacarpal bone Extends and abducts wrist Radial n. 


adialis brevis 
sor digitorum Lateral epicondyle of humerus Posterior surfaces of digits I-V Extends wrist and phalanges _— Radial n. 
nmunis at joints of carpophalangeal 
and interphalangeal joints 


or digiti Lateral epicondyle of humerus Extensor aponeurosis of fifth Extends joints of fifth digitand Radial n. 
mi digit wrist 
fae rpi Lateral epicondyle of humerus Base of fifth metacarpal bone Extends and adducts wrist Radial n: 
and olecranon 
pollicis Middle shaft of ulna, lateral side Base of distal phalanx of thumb —_ Extends joints of thumb: Radial n 


abducts joints of hand 


> 
laft of radius and Base of first pha lanx o thumb Ext ends jo ACS OF th mb; 


weer eeeee eee weeeeee eee 


supinator L_ supin. bend back 
pronator feres L. pron. bend forward 
palmaris longus L. palma, flat of hand 


flexor digitorum profundus: L. profundus, deep 
flexor pollicis longus: L. pollex, thumb 


on the left side in both sexes. Because of the superficial posi- The flexor carpi ulnaris muscle is positioned on the 
tion of the palmaris longus muscle, you can readily deter- medial anterior side of the forearm, where it assists in flex- 
mine whether or not it is present in your own forearm by ing the wrist and adducting the hand. . 

tightly clenching your fist and examining for its tendon just The broad superficial digital flexor muscle lies directly 
proximal to your wrist. beneath the three flexors just described (see figs. 13.20 and 


Downloaded from Durr-e-Danish Library 


13.21). It has an extensive origin, involving all three of the 
long bones of the brachium and antebrachium (table 13.12). 
The tendon at the distal end of this muscle is united across 
the wrist but then splits to attach to the middle phalanx of 
digits I] through V. 

The deep digital flexor muscle lies deep to the super- 
ficial digital flexor muscle. These two muscles flex the Wrist, 
hand, and the second, third, fourth, and fifth digits. 

The flexor pollicis longus muscle is a deep, lateral 
muscle of the forearm. It flexes the thumb, assisting the 
grasping mechanism of the hand. 

The tendons of the muscles that flex the hand can be 
seen on the wrist as a fist is made. These tendons are secure- 
ly positioned by the flexor retmaculum (fig. 13.20a), which 
crosses the wrist area transversely. 


Extension of the Hand = The muscles that extend the hand 
are located on the posterior side of the forearm. Most of the 
primary extensors of the hand can be seen superficially in 
figure 13.20b and will be discussed from lateral to medial. 

The long, tapered extensor carpi radialis longus mus- 
cle is located medial to the brachtoradialis, where it extends 
the carpal joints and abducts the hand at the wrist. The 
extensor carpi radialis brevis muscle is positioned imme- 
diately medial to the extensor carpi radialis longus muscle 
and performs approximately the same functions. Its origin 
and insertion, however, are different (see table 13.12). 

The bipennate-fibered extensor digitorum communis 
muscle is positioned in the center of the forearm, along the 
posterior surface. It originates on the lateral eprcondyle of 
the humerus. Its tendon of insertion divides at the wrist, 
beneath the extensor retinaculum, into four tendons that 
attach to the distal tip of the medial phalanges of digits II 
through V. 

The long, narrow extensor digiti minimi muscle is 
located on the ulnar side of the extensor digitorum com- 
munis muscle. Its tendinous insertion fuses with the tendon 
of the extensor digitorum communis muscle going to the 
fifth digit. 

The extensor carpi ulnaris muscle is the most medial 
muscle on the posterior surface of the forearm. It inserts on 
the base of the fifth metacarpal bone, where it functions to 
extend and adduct the hand. 

The extensor pollicis longus muscle extends from the 
mid-ulnar region, across the lower two-thirds of the fore- 
arm, and inserts onto the base of the distal phalanx of the 
thumb (see fig. 13.21), where it extends the thumb and 
abducts the hand. 

The extensor pollicis brevis muscle arises from the 
lower midportion of the radius and inserts on the base of the 
proximal phalanx of the thumb (fig. 13.21), The action of 
this muscle 1s similar to that of the extensor pollicis longus. 
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As its name implies, the abductor pollicis longus mus- 
cle abducts the thumb and hand. It originates on the 
interosseous ligament, between the ulna and radius, and 
inserts on the base of the first metacarpal bone. 

The muscles that act on the wrist, hand, and digits are 
summarized in table 13.12. 


even when the hand is relaxed. The muscles that 
extend the hand are not as strong as the muscles that 
flex it. This is why people who receive strong 
electrical shocks through the arms will tightly flex their hands 
and hold on. All the muscles of the arm are stimulated to 
contract, but the flexors, being stronger, cause the hands to 
close tightly. 


Muscles of the Hand 


The hand is a marvelously complex structure, adapted to per- 


\ Notice that the joints of your hand are partially flexed 


A 


mit an array of intricate movements. Flexion and extension 
movements of the hand and phalanges are accomplished by 
the muscles of the forearm just described. Precise finger move- 
ments that require coordinating abduction and adduction with 
flexion and extension are the function of the small intrinsic 
muscles of the hand. These muscles and associated structures 
of the hand are depicted in figure 13.22. The position and 
actions of the muscles of the hand are listed in table 13.13. 

The muscles of the hand are divided into thenar 
(the nar), hypothenar (hi-poth @-nar), and mtermediate groups. 
The thenar eminence is the fleshy base of the thumb and 
is formed by three muscles: the abductor pollicis brevis mus- 
cle, the flexor pollicis brevis muscle, and the opponens 
pollicis muscle. The most important of the thenar muscles 
is the opponens pollicis, which opposes the thumb to the 
palm of the hand. 

The hypothenar eminence is the elongated, fleshy 
bulge at the base of the little finger. It also 1s formed by three 
muscles: the abductor digiti minimi muscle, the flexor dig- 
iti minimi muscle, and the opponens digiti minimi muscle. 

Muscles of the intermediate group are positioned 
between the metacarpal bones in the region of the palm. 
This group includes the adductor pollicis muscle, the lum- 
bricales (lum ‘bri-kalz) muscles, and the palmar and dorsal 
interossei muscles. 


Muscles That Move the Thigh 


The muscles that move the thigh originate from the pelvic 
girdle and insert on various places on the femur. These mus- 
cles stabilize a highly movable hip joint and provide support 
for the body during bipedal stance and locomotion. Found in 
this region are the most massive muscles of the body as well as 
some extremely small muscles. The muscles that move the 
thigh are divided into anterior, posterior, and medial groups. 


Muscular System 


FIGURE 13.22 
Muscles of the hand (a) An anterior 
view and (b) a lateral view of the ry 


second digit (index finger). 
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Flexor digiti minimi brevis Abductor pollicis brevis 
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pe Tendons of flexor digitorum 
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Opponens pollicis 


Tendon of extensor pollicis brevis 


Position of pisiform bone 


| \ 4 ( Tendon of abductor pollicis longus 


Flexor retinaculum 


id Radial artery 
af 


Tendon of flexor carpi ulnaris 


Tendons of superficial 


digital flexor , 
Ulnar nerve Pronator quadratus 
and artery 
Tendon of palmaris longus Tendon of flexor carpi radialis 
(a) Median nerve = Tendon of flexor pollicis longus 
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Collateral Collateral ligament 
ligaments 


Tendon of extensor digitorum 


a Creek 
Vincula 
Fibrous digital 
sheath 
Tendon of 
(b) superficial Tendon of deep 
digital flexor digital flexor 
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: Table 13.13 Intrinsic muscles of the hand 


Origin Insertion 


Flexor retinaculum, 
scaphoid, and 
trapezium 


Flexor retinaculum and 
trapezium 


Trapezium and flexor 
retinaculum 


Oblique head, capitate; 
transverse head, second 
and third metacarpal bones 


Tendons of flexor 
digitorum profundus 


Medial side of second 
metacarpal bone; lateral 
sides of fourth and 
fifth metacarpal bones 


‘interossei (4) Adjacent sides of 


metacarpal bones 


Proximal phalanx of thumb 


Proximal phalanx of thumb 


First metacarpal bone 


Proximal phalanx of thumb 


Extensor expansions of 
digits lI-V 


Proximal phalanges of index, 
ring, and little fingers 
and extensor digitorum joints 
communis 


Proximal phalanges of index 
and middle fingers (lateral 
sides) plus proximal 


Action 


Abducts joints of thumb 


Flexes joints of thumb 


Opposes joints of thumb 


Adducts joints of thumb 


Flexes digits at 
metacarpophalangeal 
joints; extends digits at 
interphalangeal joints 


Adducts fingers toward middle 
finger at metacarpophalangeal 


Abducts fingers away from 
middle finger at 
metacarpophalangeal joints 


phalanges of middle and ring 
fingers (medial sides) and 
extensor digitorum communis 


Pisiform and tendon of 
flexor carpi ulnaris 
Flexor retinaculum and 

hook of hamate 


—Eleyar r 
Fle) al 


opponens pollicus: L. opponens, against 


Anterior Muscles The anterior muscles that move the 
thigh are the iliacus and psoas major (figs. 13.23 and 13.24). 

The triangular iliacus muscle arises from the iliac fossa 
and inserts on the lesser trochanter of the femur. 

The long, thick psoas major muscle originates on the 
hodies and transverse processes of the lumbar vertebrae and 
inserts, along with the dhacus, on the lesser trochanter (fig. 
13.24). The psoas mayor muscle and the thacus work syner- 
gistically in flexing and rotating the thigh and flexing the 


Proximal phalanx of digit V 


Proximal phalanx of digit V 


Abducts joints of digit V 


Flexes joints of digit V 


vertebral column. They are frequently referred to as a single 
muscle, the iliopsoas (il ‘’e-d-so‘as) muscle. 


Posterior and Lateral (Buttock) Muscles = The posterior 
muscles that move the thigh include the gluteus maximus, 
gluteus medius, gluteus minimus, and tensor fasciae latae 
muscles. 

The large gluteus maximus muscle forms much of the 
prominence of the buttock (fig. 13.25). It is a powerful 
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Inguinal 
y ligament 


lhopsoas 


femoris (cut) 
Tensor fasciae 


latae Pectineus 


Vastus 
intermedius Adductor 


brevis 


Vastus 
lateralis 


Adductor 
magnus 


Adductor 
longus (Cut) 
Vastus Gracilis 


medialis 
Femoral artery 


and vein 
Sartorius 
Tendon of (cut) 
rectus femoris 
(cut) 
Patella 
FIGURE 13.23 
Muscles cf the right anterior pelvic and 
thigh regions. 
Piriformis 
Sciatic nerve 


Posterior femoral 
cutaneous nerve 


Obturator internus 


Gracilis 


Adductor magnus 
Semitendinosus 


Semimembranosus 


FIGURE 13.25 


Deep gluteal) muscles 


Biceps femoris 
(long nead) 


era tendon 
; be of diaphragm 


Costal part 
of diaphragm 


Twelfth rib 
. / 


Quadratus 
lumborum 


Lesser 
trochanter 
of femur 


FIGURE 13.24 


Anterior pelvic muscles that move the hip. 


Gluteus medius 
(cut) 


Gluteus maximus 
(cut) 


Gluteus minimus 

Superior gemellus 
Trochanteric bursa 
Inferior gemellus 
Obturator externus 


Quadratus femoris 


Gluteus maximus 
(cut) 


Lesser trochanter 


Adductor minimus 
(part of adductor magnus) 


Pas Adductor magnus 
Iiotibial tract 


Vastus lateralis 
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Table 13.14 Anterior and posterior muscles that move the thigh 


_Muscle Origin Insertion Action : nne. 
lliacus lliac fossa Lesser trochanter of femur Flexes and rotates thigh Femoral n. 
a laterally at the hip joint; 
is flexes joints of vertebral column 
=~ ‘1 ' a 
Psoas major Transverse processes Lesser trochanter with iliacus Flexes and rotates thigh laterally Spinal nerves L2, L 


of all lumbar vertebrae 


‘fa 


Pays 4 : 
Gluteus maximus Iliac crest, sacrum, 


- coccyx, and aponeurosis tract 
7 of the lumbar region 
Gluteus medius Lateral surface of ilium Greater trochanter 


iS minimt pate 
a" eek Sahrowe- 


Lateral surface of lower 


Sea 
Filium 


Gluteal tuberosity and iliotibial 


rochante! 


at the hip joint: flexes joints of by 
vertebral column ; 


Extends and rotates thigh Inferior gluteal n. 


laterally at the hip joint 


Abducts and rotates thigh Superior gluteal n. — 
medially at the hip joint 


upe io git teal n. 


Abducts and rotates thigh 
mec y hy th if joint 


psoas major. Gk. psoa. loin 
gluteus maximus: Gk. g/outos. rump 


extensor muscle of the thigh and is very important for 
bipedal stance and locomotion. The gluteus maximus orig- 
inates on the ilium, sacrum, coceyx, and aponeurosis of the 
lumbar region. It inserts on the gluteal tuberosity of the 
femur and the iliotibial tract, a thickened tendinous region 
of the fascia lata extending down the thigh (see fig. 13:27): 

The gluteus medius muscle is located immediately 
deep to the gluteus maximus (fig. 13.25). It originates on 
the lateral surface of the ilium and inserts on the greater 
trochanter of the femur. The gluteus medius abducts and 
medially rotates the thigh. The mass of this muscle is of clin- 
ical significance as a site for intramuscular injections. 

The gluteus minimus 1s the smallest and deepest of 
the gluteal muscles (fig. | 3.25). Ir also arises from the later- 
al surface of the tum and inserts on the lateral surface of 
the greater trochanter, where It acts synergistically with the 
gluteus medius to abduct and medially rotate the thigh. 

The quadrangular tensor fasciae latae muscle ts posi- 
tioned superficially on the lateral surface of the hip (see fig. 
13.27). fr originates on the iliac crest and inserts on a broad 
lateral fascia of the thigh called the fascta lata, The fascia 
lata is continuous with the ilioribral tract. The tensor fas- 
ciae latae muscle is the principal abductor of the thigh. 

A deep group of six Lateral rotators of the thigh ts posi- 
tioned directly over the posterior aspect of the hip joint. 
These muscles are not discussed here but are identified in 


figure 13.25 from superior to inferior as the piriformis, supe- 
rior gemellus, obturator internus, inferior gemellus, obtu- 
rator externus, and quadratus femoris muscles. 

The anterior and posterior group of muscles that move 
the thigh at the hip joint are summarized in table 13.14. 


Medial, or Adductor, Muscles) The medial muscles that 
move the thigh include the gracilis, pectineus, adductor 
longus, adductor brevis, and adductor magnus muscles (figs. 
13.26, 13.27, 13.28, and 13.29). 

The long, thin gracilis (gras iL-is) muscle is the most 
superficial of the medial thigh muscles. [tis a two-joint mus- 
cle and can adduct the thigh or flex the leg. 

The pectineus muscle is the uppermost of the medial 
muscles that move the thigh. It is a flat, quadrangular mus- 
cle that flexes and adducts the thigh. 

The adductor longus muscle is immediately lateral to 
the gracilis on the upper third of the thigh, and is the most 
anterior of the adductor muscles. The triangular adductor 
brevis muscle ts located behind and largely concealed by 
the adductor longus and pectineus muscles. The adductor 
magnus muscle tsa large, thick muscle, somewhat trangu- 
lar in shape. It is located deep to the other two adductor 
muscles. The adductor longus, adductor brevis, and the 
adductor magnus are synergistic in adducting, flexing, and 
laterally rotating the thigh. 


Muscular System 
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Anterior superior 


x 4 , 
iliac mei f BR ~y \ 
Sartorius (cut) af Ve. 7 2 = 7 


Rectus femoris 


(out) ee | 


Mopsoas (cut) 


fa] 


Quadratus 
femoris 


Pectineus (cut) Gracilis (cut) 


Vastus 


intermedius Adductor magnus 


Adductor 
longus (cut) 


Vastus 

medialis (cut) 
Vastus . 
lateralis (cut) Adductor hiatus 
Gracilis (cut) 
Femur 
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Tendon of mS Sartorius (cut) 
rectus femoris } 
Patella cers 
Patellar 
ligament 
FIGURE 13.26 


Adductor muscles of the right thigh. 


The muscles that adduct the thigh at the hip joint are 
summarized in table 13.15. 


Muscles of the Thigh That Move the Leg 


The muscles that move the leg originate on the pelvic gir- 
dle or thigh and are surrounded and compartmentalized by 
tough fascial sheets that are a continuation of the fascia 
lata and iliotibial tract. They are divided according to func- 
tion and position into CWo groups: anterior extensors and 


posterior flexors. 


Anterior, or Extensor, Muscles) The anterior muscles that 
move the leg are the sartortus and quadriceps femoris muscles 
(figs. 13.26 and 13.27). The femoral nerve innervates 


these muscles. 


f is Pectineus (cut) 
> a Adductor longus (Cut) 
Obturator externus 


Adductor brevis (cut) 


Adductor brevis (cut) 


Trochanteric fossa 


Pectineus Adductor longus 


Linea aspera on 
posterior surface 
of femur 


, 


— - 
‘ ¢ Rami of pubis ) | 
ry)" and ischium f N 


\ 
6 © E07 Ischium 


of femur Obturator 
\ externus Ey 
f Adductor ib 
|} brevis UP 
1 uF i Adductor 


Linea aspera : magnus ' 
on posterior 
| surface 
‘ Gracilis 
| 
| 
‘ \ 
ad! Medial na! 
7] Tibia ws epicondyle 


P rs e 


The long, straplike sartorius muscle obliquely cross- 
es the anterior aspect of the thigh. It can act on both the 
hip and knee joints to flex and rotate the thigh laterally, 
and also to assist in flexing the leg and rotating it medially. 
The sartorius muscle is the longest muscle of the body. It ts 
frequently called the tailor’s muscle because it enables one to 
assume a cross-legved SITTING position. 

The quadriceps femoris muscle is actually a composite 
of four distinct muscles that have separate origins but a com: 
mon insertion on the patella via the tendon of the rectus 
femoris. The tendon of the rectus femoris is continuous over 
the patella and becomes the patellar ligament ay it attaches t 
the head of the tibial tuberosity (fig. 13.27). These muscles 
function synergistically to extend the leg, as in kicking 4 
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Inguinal 
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Gracilis 
Rectus femoris 
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Muscles of the right anterior thighs : 


football. The four muscles of the quadriceps femoris muscle 
are the rectus femoris, vastus lateralis, vastus medialis, and 
vastus intermedius. 

The rectus femoris muscle occupies a superficial posi- 
tion and is the only one of the four quadriceps that func- 
tions in both the hip and knee joints. The laterally 
positioned vastus lateralis muscle is the largest muscle of 
the quadriceps femoris. [tis a common intramuscular injec- 
tion site in infants who have small, underdeveloped buttock 
and shoulder muscles. The vastus medialis muscle occupies 
a medial position along the thigh. The vastus intermedius 
muscle lies deep to the rectus femoris. 
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The anterior thigh muscles that move the leg at the 
hip joint are summarized in table 13.16. 


Posterior, or Flexor, Muscles) There are three posterior 
thigh muscles antagonistic to the quadriceps femoris mus- 
cles in flexing the knee. These muscles, known as the ham- 
strings (fig. 13.28), are innervated by the tibial nerve. 
Interestingly, this name derives from the old butchers’ prac- 
tice of using the tendons of these muscles to hang the hams 
of pork for smoke curing. 
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FIGURE 13.28 


Muscles of the right posterior thigh. 
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and rotates leg at knee joint 
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joint 
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Adducts, flexes, and laterally 


Downloaded from Durr-e-Danish Library 


5th lumbar 


vertebra 
Psoas minor 


Psoas major Piriformis 


lacus 
Sacro- 


Obturator 
internus spinous lig 
Pubic bone 
C Ss 
Levator Coccygeu 


me Gluteus 


maximus 
Pectineus 


Adductor 
magnus 


Gracilis 
Adductor 


magnus Semimembranosus 


Sartorius Semitendinosus 


Biceps femoris 


Vastus 
medialis 


Medial! head of 
gastrocnemius 


— 


Table |i: I soasrortsrtuign Ruscten that 


Muscle Origin 


Insertion 


FIGURE 13.29 


Muscles of the right medial thigh. 


The biceps femoris muscle occupies the posterior lat- 
eral aspect of the thigh. It has a superficial long head and a 
deep short head and causes movement at both the hip and 
knee joints. The superficial semitendinosus muscle is 
fusiform and is located on the posterior medial aspect of the 
thigh. It also works over two joints. The flat semimembra- 
nosus muscle lies deep to the semitendinosus muscle on the 
posterior medial aspect of the thigh. 

The posterior thigh muscles that move the leg at the 
hip joint are summarized in table 13.17. The relationship 
of the muscles of the thigh is illustrated in figure 13.30. 


sports. The injury usually occurs when sudden lateral 
or medial stress to the knee joint tears the muscles or 
tendons. Because of its structure and the stress 
applied to it in competition, the knee joint is highly 
susceptible to injury. To reduce the incidence of knee injury, 
the rules in contact sports should be altered, or at least 
additional support and protection provided for this 

vulnerable joint. 


Muscles of the Leg That Move the Ankle 
Foot, and Ioes 


The muscles of the leg, the crural muscles, are responsible 
for the movements of the foot. There are three groups of 
crural muscles: anterior, lateral, and posterior. The antero- 
medial aspect of the leg along the shaft of the tibia lacks 
muscle attachment. 


\ Hamstring injuries are a common occurrence in some 


es 


ovetheleg = | 
Action 
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sartorius L. sartor, a tailor (muscle used to cross legs in a tailor’s position) 


Anterior superior iliac spine | Medial surface of tibia 


Flexes leg and thigh, abducts 
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and rotates leg medially at 
hip joint 

Extends leg at knee joint 


a * 
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Table BR ie : Posterior thigh muscles that move the jag 
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; bd : ey 5, 4 
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» rotates thigh at hip joint 
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FIGURE 13.30 


A transverse section of the right thigh as seen from above. (Note 
the position of the vessels and nerves.) 
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Anterior Crural Muscles) The anterior crural muscles 
include the tibialis anterior, extensor digitorum longus, 
extensor hallucis longus, and peroneus tertius muscles (figs. 
13.31, 13.32\and 13.33). 

The large, superficial tibialis anterior muscle can be 
easily palpated on the anterior lateral portion of the ubia (fig. 
13.31). It parallels the prominent anterior crest of the tibia. 
The extensor digitorum longus muscle lies lateral to the tib- 
talis anterior on the anterolateral surtace of the leg. The exten- 
sor hallucis longus muscle 1s positioned deep between the 
tibialis anterior and the extensor digitorum longus. The small 
peroneus tertius muscle is continuous with the distal por- 
tion of the extensor digitorum longus muscle. 
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FIGURE 13.31 


Anterior crural muscles. 


Lateral Crural Muscles = The lateral crural muscles are 
the peroneus longus and peroneus brevis (figs. 13.31 and 
13.32). The long, flat peroneus longus muscle 1s a super- 
ficial lateral muscle that overlies the fibula. The peroneus 
brevis muscle lies deep to the peroneus longus muscle 
and ts positioned closer to the foot. These two muscles 
are synergistic in flexion and eversion of the foot (see 


table 13.18). 


Posterior Crural Muscles = The seven posterior crural mus- 
cles can be grouped into a superficial and a deep group. 
The superficial group is composed of the gastrocnemius, 
soleus, and plantaris muscles (fig. 13.34). The four deep 
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FIGURE 13.32 


Lateral crural muscles. 


posterior crural muscles are the popliteus, flexor hallucis 


longus, flexor digitorum longus, and tibialis posterior mus- 
cles (fig. 13.35). 

The large, superficial gastrocnemius (gas “trok-ne ‘me- 
us) muscle forms the major portion of the calf of the leg. It 
consists of two distinct heads, which arise from the posteri- 
or surfaces of the medial and lateral condyles of the femur. 


This muscle and the deeper soleus muscle insert onto the 


calcaneus bone via the common tendo calcaneus (tendon of 
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Achilles). The gastrocnemius acts over two joints to cause 
flexion of the knee and plantar flexion of the foot. 

The soleus muscle lies deep to the gastrocnemius mus: 
cle. These two muscles are frequently referred to as a single 
muscle, the triceps surae muscle. The soleus muscle hay a 
common insertion with the gastrocnemius muscle but acts on 
only one joint, the ankle, in plantar flexing the foot. 

The small plantaris muscle arises just above the ott 
gin of the lateral head of the gastrocnemius muscle on the 
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lateral condyle of the femur. It has a very long, slender 
tendon of insertion onto the calcaneus bone. The tendon 
of this muscle is frequently mistaken for a nerve by those 
dissecting it for the first time. The plantaris is a weak mus- 
cle, with limited ability to flex the leg and plantar flex 
the foot. 

The thin, triangular popliteus muscle is situated deep 
to the heads of the gastrocnemius, where it forms part of 
the floor of the popliteal fossa. The popliteal fossa is the 
depression on the back side of the knee joint (fig. 13.36). 
The popliteus muscle is a medial rotator of the tibia on the 
femur. The bipennate flexor hallucis longus muscle lies 


deep to the soleus muscle on the posterolateral side of the 
ley. It flexes the big toe (hallux) and assists in plantar flex- 
ing and inverting the foot. 

The flexor digitorum longus muscle also lies deep to 
the soleus muscle, and it parallels the flexor hallucis longus 
muscle on the medial side of the leg. Its distal tendon pass- 
es behind the medial malleolus and continues along the 
plantar surface of the foot, where it branches into four tendi- 
nous slips that attach to the bases of the terminal phalanges 
of the second, third, fourth, and fifth toes (fig. 13.37). The 
flexor digitorum longus works over several joints, flexing 
four of the digits and assisting in plantar flexing and invert- 
ing the foot. 

The tibialis posterior muscle is located deep to the 
soleus, directly on the interosseous ligament on the posteri- 
or surface of the leg. The distal tendon of the tibialis poste- 
rior passes behind the medial malleolus and inserts on the 
plantar surfaces of the navicular, cuneiform and cuboid bones 
and the second, third, and fourth metatarsal bones 
(fig. 13.37). The tibialis posterior plantar flexes and inverts 
the foot and gives support to the arches of the foot. 

The crural muscles are summarized in table 13.18. 


Muscles of the Foot 


With the exception of one additional intrinsic muscle, the 
extensor digitorum brevis muscle, the muscles of the foot 
are similar in number and nomenclature to those of the 
hand. The functions of the muscles of the foot are different, 
however, because the foot is adapted to provide support 
while bearing body weight rather than to grasp objects. 
The muscles of the foot are topographically arranged 
into four layers (fig. 13.37) that are difficult to dissociate, 
even in dissection. The muscles function either to move 
the toes or to support the arches of the foot through their 
contraction. Because of their complexity, the muscles of 
the foot will be presented only in illustrations (see figs. 


13.37 and 13.38). 
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Compared to the other systems of the body, the muscular 
system is extremely durable. If properly conditioned, the 
muscles of the body can adequately serve a person for a life- 
time. Muscles are capable of doing incredible amounts of 
work; through exercise, they can become even stronger. 

Clinical considerations include the diagnosis of muscle 
conditions, functional conditions in muscles, and diseases 
of muscles. 
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. " IV. 


extensor hallucis longus: L /a/lus, great toe 
peroneus tertius: Gk. perone, fibula, fertius, third 
gastroenemius: Gk. gaster, belly; kneme, leg 
soleus: L. soleus, sole of foot 

popliteus: L. poples, ham of the knee 


Diagnosis of Muscle Condition 


The clinical symptoms of muscle diseases are usually weak- 
ness, loss of muscle mass (atrophy), and pain. The most obvi- 
ous diagnostic procedure is a clinical examination of the 
patient. Following this, it may be necessary to test muscle 
function using electromyography (EMG) to measure con- 
duction rates and moror unit activity within a muscle. Lab- 
oratory tests may include serum enzyme assays or muscle 
biopsies. Muscle biopsy is perhaps the definitive source of 
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diagnostic information. Progressive atrophy, polymyositis, 
and metabolic diseases of muscles can be determined through 
a biopsy. 


functional Conditions in Muscles 


Muscles depend on systematic, periodic contraction to 
maintain optimal health. Obviously, overuse or disease will 
cause a change in muscle tissue. The immediate effect of 
overexertion of muscle tissue is an accumulation of lactic 
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acid, resulting in fatigue and soreness. Excessive contrac- 
tion of a muscle can also damage the fibers or associated 
connective tissue, resulting in a strained muscle. 

When skeletal muscles are not contracted, either because 
the motor nerve supply is blocked or because the limb is immo- 
bilized (as when a broken bone is ina cast), the muscle fibers 
atrophy, or diminish in size. Atrophy is reversible if exercise is 
resumed, as after a healed fracture, but tissue death is inevitable 
if the nerves cannot be stimulated. 

As discussed in chapter 12, the fibers in healthy 
muscle tissue increase in size, or hypertrophy, when a mus- 
cle is systematically exercised. This increase in muscle size 
and strength is due not to an increase in the number of mus- 
cle cells but rather to the increased production of myofib- 
rils, accompanied by a strengthening of the associated 
connective tissue. 

A cramp within a muscle is an involuntary, painful, 
and prolonged contraction. Cramps can occur while mus- 
cles are in use or at rest. The precise cause of cramps is 
unknown, but evidence indicates that they may be related to 
conditions within the muscle (e.g., calctum or oxygen defi 
ciencies) or to stamulation of the motor neurons. 
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FIGURE 13.34 


Posterior crural muscles and popliteal region. 


Rigor mortis (rigidity of death) affects skeletal mus- 
cle tissue several hours after death, as depletion of ATP with- 
in the fibers causes a state of muscle contracture and stiffness 
of the joint. After a few days, however, as the muscle proteins 
decompose, the rigidity of the corpse disappears. 


Diseases of Muscles 


Fibromyositis is an inflammation of both skeletal muscular 
tissue and the associated connective tissue. Its causes are 
not fully understood. Fibromyositis frequently occurs in the 
extensor muscles of the lumbar region of the vertebral col- 
umn, where there are extensive aponcuroses. Fibromyositis 
of this region is called lumbago, or rheumatism. 

Muscular dystrophy is a genetic disease character- 
ized by a gradual atrophy and weakening of muscle tissue. 
There are several kinds of muscular dystrophy, none of 
whose etiology is completely understood. The most fre- 
quent type affects children and is sex-linked to the male 
child. As muscular dystrophy progresses, the muscle fibers 
atrophy and are replaced by adipose tissue. 
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FIGURE 13.37 

The four musculotendinous layers of the plantar aspect of the foot 
(a) Superficial layer, (b) second layer, (c) third layer, and (d) deep 
layer 
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An anterior view of the 
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The disease myasthenia 
gravis is characterized by extreme 
muscle weakness and low en. 
durance. Transmission of impuls- 
es at the neuromuscular junction 
is defective. Myasthenia gravis is 
believed to be an autoimmune 
disease, and it typically affects 
women between the ages of 20 
and 40. 

Poliomyelitis (polio) is 
actually a viral disease of the 
nervous system that causes a 
paralysis of muscles. The virus- 
es are usually localized in the 
anterior (ventral) horn of the 
spinal cord, where they affect 
the motor nerve impulses to 
skeletal muscles. 

Neoplasms of muscle are 
rare, but when they do occur they 
are usually malignant. Rhab- 
domyosarcoma (rab “do-mi “d-sar- 
koma) is a malignant tumor of 
the skeletal muscle. It can arise in 
any skeletal muscle, and most 
often afflicts young children and 
elderly people. 
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myasthenia: Gk. myos, muscle, astheneia, 
weakness 

poliomyelitis: Gk. polios, gray; myolos, marrow 

rhabdomyosarcoma: Gk. rhabdos, rod; myos, 
muscle; oma, a growth 
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Important Clinical Terminology 


convulsion An involuntary, spasmodic 


contraction of skeletal muscle. 


fibrillation (fib-ri-la‘shun) A series of rapid, 
uncoordinated, and spontaneous contractions 
of individual motor units within a muscle. 


hernia) The rupture or protrusion of a 
portion of the underlying viscera through 
muscle tissue. The most common hernias 
occur in the normally weak places of the 
abdominal wall. Abdominal hernias are of 
four basic types: 

1. femoral—viscera passing through the 


femoral rng 


2. hiatal—the superior portion of the 
stomach protruding through the 
esophageal opening of the diaphragm 


3. inguinal—viscera protruding through 
the inguinal canal 


4. umbilical—a hernia occurring at the 
navel 


intramuscular injection A hypodermic 
injection at certain heavily muscled areas to 
avoid damaging nerves. The most common 
site is the buttock. 


myalgia Pain within a muscle resulting from 


any muscular disorder or disease. 


myokymia Continual quivering of a 
muscle. 
myoma A tumor of muscle tissue. 


myopathy Any muscular disease. 


myotomy (mi-ot 3-me) Surgical cutting of 


muscle tissue. 


myotonia A prolonged muscular spasm. 


paralysis The loss of nervous control of a 


muscle. 


shin splints Tenderness and pain on the 
anterior surface of the leg caused by straining 
the ubialis anterior or extensor digitorium 


longus muscles. 


torticollis (wryneck) A persistent 
contraction of a sternocleidomastoid muscle, 
drawing the head to one side and distorting 
the face. Torticollis may be acquired or 
congenital, 
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Organization of the Muscular System 
(p. 281) 


1. Synergistic muscles contract together. 
Antagonistic muscles perform in 
Opposition to a particular group of 
muscles. 

2. Muscles may be classified according to 
fiber arrangement as parallel, convergent, 
pennate, or sphincteral. 

3. Axial muscles include facial muscles, 
neck muscles, and trunk muscles: 
appendicular muscles include those that 
act on the girdles and those that move the 
segments of the appendages. 


Naming of Muscles (pp. 281-283) 


1 


Skeletal muscles are named on the basis 
of shape, location, attachment, size, 
Orientation of fibers, relative position, and 
function. 

Most of the muscles are paired; that is, 
one side of the body is an image of the 
other. 


Muscles of the Axial Skeleton 
(pp. 283-295) 


The muscles of the axial skeleton include 
those responsible for facial expression, 
mastication, eye movement, tongue 


movement, neck movement, and 
respiration and those of the abdominal 
wall, the pelvic outlet, and the vertebral 
column. 


Muscles of the Appendicular Skeleton 
(pp. 296-317) 


The muscles of the appendicular skeleton 
include those of the pectoral girdle, 
humerus, forearm, wrist, hand, and 
fingers and those of the pelvic girdle, 
thigh, leg, ankle, foot, and toes. 
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Review Activities 


Objective Questions 


1. Which of the following muscles is a 
synergist to the biceps brachii muscle in 
flexing the elbow joint? 

a. deltoid muscle 

b. triceps brachii muscle 
C. brachialis muscle 

d. anconeus muscle 

2. Muscles that are strong, fatigue quickly, 
and have short excursions are Classified 
as 
a. parallel. 

b. convergent. 
Cc. pennate. 
d. sphincteral. 

3. Which of the following is notused as a 
means of naming muscles? 
a. location 
b. action 
c. shape 
d. attachment 
e. strength of contraction 

4. Which of the following muscles originates 
on the zygomatic arch, inserts on the 
lateral portion of the mandible, and, when 
contracted, elevates the mandible? 

a. masseter muscle 

b. lateral pterygoid muscle 
c. temporalis muscle 

d. zygomaticus muscle 

5. Which of the following muscles is a flexor 
of the shoulder joint? 

a. pectoralis major muscle 
b. supraspinatus muscle 
c. teres major muscle 
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d. trapezium muscle 
e. latissimus dorsi muscle 
. Which of the following muscles is an 
antagonist to the longissimus 
thoracis muscle? 
a. spinalis thoracis muscle 
b. quadratus lumborum muscle 
c. longissimus cervicis muscle 
d. rectus abdominis muscle 
. Which of the following muscles does not 
have either an origin or insertion upon the 
humerus? 
a. teres minor muscle 
b. biceps brachii muscle 
C. supraspinatus muscle 
d. brachialis muscle 
€. pectoralis major muscle 
. Which of the following muscles ina 
female has the action of constricting the 
urethral canal and the vagina? 
a. transversus perinei muscle 
b. bulbocavernosus muscle 
c. coccygeus muscle 
d. ischiocavernosus muscle 
e. levator ani muscle 
Which of the following muscles does not 
contract over both the hip and knee joints 
(is nota two-joint muscle)? 
a. gracilis muscle 
b. sartorius muscle 
Cc. rectus femoris muscle 
d. semitendinosus muscle 
e. vastus medialis muscle 
_ The genetic disease of muscle that is most 
common in male children and is 
characterized by gradual atrophy and 
weakening of muscle tissue is 


poliomyelitis. 
myasthenia gravis. 
muscular dystrophy. 
rhabdomyosarcoma. 
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Essay Questions 


1. 


2. 


6. 


8. 


What are the advantages and 
disadvantages of pennate-fibered 
muscles? 

List the muscles of the neck that either 
originate or insert on the hyoid bone. 
Diagram a posterior view of the scapula 
and indicate the locations of the muscles 
that originate and insert upon it. 

Discuss the position of flexor and 
extensor muscles relative to the shoulder, 
elbow, and wrist joint. 


. Based on function, describe exercises that 


would strengthen the following muscles: 
(a) the pectoralis major muscle; (b) the 
deltoid muscle; (c) the triceps brachii 
muscle; (d) the pronator teres muscle; (e) 
the rhomboideus major muscle: (f) the 
trapezius muscle, (g) the serratus anterior 
muscle; and (h) the latissimus dorsi 
muscle. 

Give three examples of synergistic muscle 
groups within the lower extremity and 


identify the antagonistic muscle group of 
each. 


. Describe the actions of the muscles of 


inspiration. Which muscles Participate in 
forced expiration? 

Which muscles of the pelvic outlet 
Support the floor of the pelvic cavity and 
which are associated with the genitalia? 
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sulcus 


Lacrimal caruncle—___ 
Inferior palpebral——____! 


sulcus - oS 
Auricle 


Nasofacial angle — 


Bridge of no 


Alar nasal sulcus 
4 


Nostril Z 
Philtrum 
Corner of mouth 
Mentolabial sulcus 


Chin (mentalis) 


FIGURE 1 


ace anatomy of the facial region. (Also refer to 


figure 13.4 for the underlying muscles.) 


Angle of mandible 


Anterior cervical 


Sternocleidomastoid — tnangle 


muscle 


Postenor cervical 
tnangle 


Thyroid cartilage 
— of larynx 


Trapezius muscle 


Clavicle — Jugular notch 


FIGURE 2 


Ananter era! view of the neck. (Also refer to figure 13.10 for th 


@ underlying muscles.) 
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i Anterior head 


'_Medial head 


Deltoid muscle 


f_Posterior head 


m Trapezius muscle 
B_Infraspinatus muscle 
|_ Triangle of auscultation 


m_ Inferior angle of scapula 


f_ Latissimus 
dorsi muscle 


B_ Erector spinae 
muscle 


FIGURE 3 


The surface anatomy of the back. (Also refer to figure 13.17 for the underlying muscles.) 


— 
w 
~~ 
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Deltoid muscle == 


AD ——— 


Pectorai's major AF 


muscle 
Latissimus dors: 
muscle 
Nipple 


Serratus anterior 
muscle 


muscle 
Costa! arch 


Tendinous inscriphe 


Rectus abdominis 
muscle 


FIGURE 4 


An anterolateral view of the trunk and axilla. (Also refer to 
figures 13.12, 13.18, and 13.19 for the underlying muscles.) 
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Tendon of extensor 
pollicus brevis 
muscle 


Styloid process 
of ulna 


Anatomical 
snuff box 


Tendon of extensor 
pollicus longus 
muscle 


Tendon of extensor 
digit minimi 
muscle 


Tendons of extensor 
digitorum muscle 


FIGURE 5 


The anatomical snutffbox. (Also refer to figure 13.20b for the 
underlying muscles and tendons.) 


Site for palpation of 
brachial artery 


Cephalic vein 


» | Basilic vein 


Cubilal fossa 


Median cubital vein 


Brachioradialis muscle 


Md 4 Z| 
: - j Median vein of forearm 


Ulnar vein 


Radial vein 


Tendon of palmaris longus muscle 

_ aa Fendon of flexor carpi radialis longus muscle 

: a Tendon of superficial digital flexor muscle 
pa Site for palpation of radial artery 


Styloid process of ulna 


MS henar eminence 
a Hypothenar eminence 


FIGURE 6 _ 
An antenor view of the forearm and hand. (Also reter to figure 13.200 
for the underlying muscles and tendons.) 
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Adductor magnus 
muscle 


Semitendinosus 
muscle 


Vastus laleralis 
muscle 


Long head of — 
femoris muscle 


Short head of biceps 
femoris muscle 
Semimembranosus 
muscle 
Popliteal fossa 


Lateral epicondyle 
Medial epicondyle 


Medial head of 
gastrocnemius 
muscle 
Lateral head of 
gastrocnemius [cn 


muscle 
(a) 
(c) 
FIGURE 7 ” 
The (a) lateral, (b) posterior, and (¢) medal sur 
figures 13.32, 13.33, and 13.34 for the underlyi 
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. 
Tensor (2520 TT 


latae muscle 


Vastus veal ii = 


muscle 


WWolibial ((aCt Se 


Biceps femoris 
muscle 


Patella 


Biceps femoris 
tendon of insertion = 


Lateral mallet ——SS———e 


Head of fibula 


Tibialis anterior 
muscle 


(b) 


Adductor magnus 
muscle 

Rectus femoris 
muscle 


Adductor longus 
muscle 


Biceps femoris 
muscle 


Gracilis muscle 
Semimembranosus 
muscle 
Semitendinosus 
muscle 

Sartorius muscle 
Vastus medialis 
muscle 

Patella 

Tibia 
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1 Frontalis m 


7 Zygomaticus mm 


2 Supratrochlear a 8 Facial a 

3 Corrugator m 9 Orbicularis oris m 

4 Orbicularis oculi m 10 Risorius m 

5 Levator labu superioris m 11 Depressor angularis oris m 
6 Alar cartilage 12 Mentalis m 

FIGURE 8 


An anterior view of the muscles of the head. (Also refer 
to figures 13.4 and 13.5.) 


1 Accessory nerve 9 Digastrnc m 

2 Trapezius m 10 Submandibular gland 

3 Supraclavicular nerve 11 Hyoid bone 

4 Omohyoid m 12 Omohyoid m 

5 Brachial plexus 13 Transverse cervical nerve 
6 Clavicle 14 Sternonyord m 

7 Facial arlery 15 Sternocleidomastoid m 

8 Mylonyoid m 16 External jugular vein 


FIGURE 9 


An anterior view ¢ 


to figure 13.10) 


{the right cervical region. (Also refer 
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Scalp 


——— ko 
== pm callosum 
i os — Frontal bone 
Lateral ventricle 
Frontal sinus 
’ FT, QE siamus 
Hypothalamus 
Sphenoidal sinus 
Brain stem 
Inferior concha 
Cerebellum 


Maxilla 
Oral cavity 


— ____f 


Tongue 


Mandible 
Cervicle vertebra 


Esophagus 


Thyroid cartilage 


Cricoid cartilage 


Trachea 


2> (A 
— Manubrium 


FIGURE 10 
A sagittal section of the 
head and neck. 


1 Deltoid m 6 Pectoralis major m 

2 Cephalic vein 7 Serralus antenorm 

3 Latissimus dorsi m 8 External abdominal oblique m 
4 Biceps brachn m 9 Rectus sheath 

5 Bractioradialis m 


FIGURE 11 
An antenor view of the nght thorax, shoulder, and 
brachium. (Also refer to figures 13.15 and 13.18.) 
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External 
¥ jugular vein 


’ Left brachiocephalic vein 
a 
— Brachiocephalic trunk 


— Left common carotid artery 
Ae 

; Left subclavian artery 

: Vagus nerve 


+ 
Aortic arch 


Left bronchus 
| 
= Thoracic portion of aorta 


mq esophagus 
- Phrenic nerve 


Inferior vena cava (cul) 


Diaphragm 


FIGURE 12 


The thoracic cavity with the heart and lungs removed 
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1 External occipital 6 Lesser occipital nerve 


protuberance 7 Sternocleidomastoid m 
2 Trapezius m 8 Great auncular nerve 
3 Triangle of auscultation 9 Infraspinatus m 
4 Occipital artery 10 Rnomboideus major m 
5 Greater occipital n 11 Latissimus dorsi m 
FIGURE 13 


A posterior view of the right thorax and neck. (Also 
refer to figure 13.16.) 


1 Rectus abdominis m 
2 Rectus sneatn 


5 Pyramidalis m 


FIGURE 14 


An anterior view of the muscles 
(Also refer to figures 


6 Transverse abdominis m 
7 Intenor epigastric artery 
8 Inguinal ligament 

9 Spermatic cord 


of the abdomina! wall 


3.12 and 13.15.) 
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12 
°——__ a 13 
sa) 

ee | 


———S———— 


1 Left lobe of liver 8 Fat deposit within greater 13 Splenic (left colic) flexure 

2 Falciform ligament omentum 14 Jejunum 

3 Right lobe of liver 9 Aponeurosis of internal 15 Transversus abdominis m (cut) 

4 Transverse colon abdominal oblique m 16 Internal and external abdominal oblique 
5 Gallbladder 10 Rectus abdominis m. (cut) mm (cut) 

6 Greater omentum 11 Rectus sheath (cut) 17 Parietal peritoneum (cut) 

7 Hepatic (right colic) flexure 12 Diaphragm 18 lleum 


19 Sigmoid colon 


FIGURE 15 


Viscera of the abdomen 
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1 Brachioradialis m 

2 Extensor carpi radialis 
longus tendon 

3 Extensor carpi radialis 
brevis m 

4 Extensor digitorum 

communis m 

Abductor pollicis longus m 

Extensor pollicis brevis m 

Extensor pollicis longus m 

Radius 

Extensor retinaculum 

Tendon of extensor carpi 

radialis longus Mm 


OWOONOW 


-_ 


FIGURE 16 


A posterior view. 


figures 13.20 


1 


12 
13 
14 
15 
16 
17 


18 
19 
20 
21 


Tendon of extensor pollicis 

longus m 

Tendon of extensor pollicis brevis m 
First dorsal interosseous m 
Extensor carpi ulnaris m 

Extensor digit minim m 

Uina 

Tendon of extensor carpi 

radialis brevis m 

Tendon of extensor indicis m 
Tendon of extensor digiti minim m 
Tendons of extensor digitorum m 
Intertendinous Connections 


arm and hand. (Also refer to 


s of the right forearm.) 


: 4 S| Ld 
1 Superior gluteal vessels 9 Internal abdominal oblique M 
2 Inferior gluteal vessels 10 Lumbar aponeurosis 
3 Sacrotuberous ligament 11 Gluteus medius m 
4 Levator ami m 12 Pinitormis m 
5 Serralus anterior m 13. Obturator internus m 
6 Erector spinae m 14 Quadratus temons m 
7 Serratus posterior m 15 Sciatic nerve 
B External intercostal m 
FIGURE 17 | . 
A posterior view of the deep muscles of the right abdomina! 
ind gluteal regions. (Also reter to figures }3.14, 13.15 
13.16) 
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lacus muscle 
Femoral nerve 


Femoral artery 


Gluteus maximus muscle 
Femoral vein 


Tensor tasciae 
latae muscle 


Vastus lateralis muscle 


Adductor longus muscle Fascia lata 


4 Rectus femoris muscle 


Wa Sartorius muscle 
1. muscle 


Vastus lateralis muscle 


Biceps femoris muscle 


Semimembranosus muscle 


Vastus medialis muscle 


Sciatic nerve 


Tendon of rectus 


femoris muscle Semitendinosus muscle 


FIGURE 18 FIGURE 19 
An anterior view of the nght thigh. (Also refer to figures A posterior view of the right hip and thigh. (Also refer to 
13.23 nd tf 7.) figures 13.25 and 13.28.) 
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Sciatic nerve 


Biceps femoris muscle 
emitendinosus muscle 
Patella s 


Common peroneal nerve 
Patellar ligament 


Tibial nerve 


Gastrocnemius muscle 
Tibialis 


anterior muscle 


Soleus muscle 


Soleus muscle 


Tendon of extensor 
digitorum longus muscle 


Peroneus longus muscle 


Peroneus brevis muscle 


Tendon of peroneus 
longus muscle 


Superior extensor 
retinaculum 


Inferior extensor 
retinaculum 


Tendons of extensor 
digitorum longus muscle Tendo calcaneus 
Tendon of extensor 
hallucis longus muscle 


FIGURE 20 FIGURE 21 


lor view of ther 
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Platysma m 


Sternohyoid m 


Sternocleidomastoid m. 


Clavical 


Deltoid m. 


Cephalic vein 


Pectoralis major m. 


Mammary gland 


Areola = ~ ay “ Nipple 


Biceps brachii m. 


Serratus anterior m 


Anterior sheath of 
rectus abdominus m. 
External abdominal oblique m 


Umbilicus 


Anterior superior 
ihac spine 


Inguinal ligament 
Sartorius m 


Tensor fasciae latae m 


Mons pubis 
Femoral ring 
Femoral vein 
} 
Great saphenous vein 
Gracilis m. 


Vastus lateralis m 


Rectus femons m 


Vastus medialis m 


FIGURE 22 


An anterior view of the female trunk with the superticial 


muscles exposed on the left side. (m stands for muscle 


v. stands for vein.) 
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Common carotid a 


Internal jugular v. 


Sternocleidomastoid m 


Clavicle 


Acromion 


Coracoid process 


Deltoid m 


Pectoralis minor m 


Pectoralis major m 


Coracobrachialis m 


Biceps brachii m 


Triceps brachii m 
long head 


Brachialis m. 
short head 


Serratus anterior m. 


Rectus abdominus m aa 


Umbilicus 
Internal abdominal 


oblique m. 


External abdominal oblique m. Transverse abdominis m. 


Linea alba 


Gluteus medius m. 


Inguinal ligament Tensor fasciae latae m 


Sartorius m. 
Femoral v. 


Spermatic cord 
Pyramidalis m 


Femoral n. 
Femoral a 


| C iB). oO 
Rectus femoris m l . b —- V \\ Penis 
Scrotum i i} Me ) e)) ye 


Adductor longus m 


VW] ly, TAK 


iy 
\y /} 
Vastus lateralis m — | Wi y #7 iy 
HT ‘ Great saphenous v 


Gracilis m 


FIGURE 23 
An anterior view of the r 
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ES eel eee ee eee ee 


Common carotid a 


Internal jugular v Thyroid cartilage 
Omohyoid m External jugular v 


Thyroid gland 


Subclavian a 
Trachea 


Subclavian v 
Coracoid process 


Left lung 
Sternum 
Subscapularis m. 


Internal 


Teres major m 
intercostal m. 


External Mediastinal pleura 


intercostal m. 


Coracobrachialis m. 
Pericardium 


Latissimus 


dorsi m. Diaphragm 


Stomach 


Gallbladder 
Liver 


External abdominal oblique m. 
Falciform ligament 
Internal abdominal oblique 
Transverse abdominis m. 
Greater omentum 


Anterior superior iliac spine 


Inguinal ligament 


Small intestine 
Sartorius m 
Urinary bladder 
Tensor fasciae latae m 
Spermatic cord 
Pectineus m. 
Femoral n 


Femoral a. 
Glans penis 


Femoral v 


henous v 
Great sap! Gracilis m. 


Vastus lateralis m Adductor longus m 


Rectus femoris m Adductor magnus m 


viaaaiion a 

An anterior view of the male trunk with the deep cles 
removed an 4 the abdominal viscera exposed (a ares 
for artery.) 
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Right and left 
brachiocephalic vv 


Thyroid cartilage 


lavie 
Thyroid gland Subclavian a 


Subclavian y 


™~ 4 
—_< 
a) oon Axillary v 


\ \ \ Axillary a 


a Pulmonary trunk 
| a 
y| 


Brachial piexus 


) 
Ascending aorta - 
\ 


M usculocutaneous n. \ ' Humerus 
———— 
\ 


Heart 
NAL! 

Superior, middle, = Brachial a. 
and inferior lobes > 
of right lung 

Superior and 

inferior lobes of 

Coracobrachialis m. left lung 


Brachialis m 


Stomach 


Liver 


Siwy /: 
= - a San 


Transverse colon 
Falciform ligament 


Gallbladder 


Descending colon 


qere rst, 


Ascending colon 


Small intestine 


Cecum 


Urinary bladder 


Appendix 


lopsoas m. 
Femoral n 


Tensor fasciae latae 


FG \\_-= yE 


Cs rag " 
Yh / 4 \ 
yee ee] \\ \ 
\\ 
\ 


Penis (cut) y y, \ LZ, a \ 
Ductus deferens l Hh A l aha) \ NY 
Epididymis h Hf Al N Ln} ( { NS Pectineus m 
Testis | a \ }} ‘) 


Rectus femoris m 


Adductor longus m 


sl IW 
{0 aaa: 


Gracilis m 


Adductor magnus m 


FIGURE 25 . 
An antenor view of the male trunk with the thoracic and 
abdominal viscera exposed 
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Thyroid cartilage 


Thyroid gland 


> ____ Left subclavian a 
"4 =~) aN 


\ | 
a Lia 


Right common carotid a —TTin | 
. 


Right subclavian a 
Brachiocephalic trunk 


Aortic arch 


Superior vena cava Pulmonary a. 

Pulmonary trunk 

Pulmonary vv 
Right atrium Left lung (sectioned) 

Left ventricle 

Right ventricle 

Right and left Diaphragm 


lobes of liver 
Lesser omentum 


Quadrate lobe of liver Spleen 
Gallbladder Stomach 
Duodenum 
Cystic duct 


Transverse colon 


Jejunum (cut) 
Ascending colon 


Descending colon 
Mesentery 


lacus m 


lleum (cut) 


Psoas major m 
Cecum 


kessadie Ureter 


mMmMon iliac a 
Common tliac Sigmoid colon 


Ovary 
Uterus 


Round ligament 
Tensor fasciae latae m of uterus 


Uterine tube Unnary bladder 


Femoral a. Rectus femoris m 


ac Vastus lateralis m. 
em ¥, 
Adduclor longus m 


Great saphenous v \ 2\ | | Mh PANY . Gracilis m 
\ \WE Y, Ail Adductor magnus m 


Sartonus m 


FIGURE 26 
An anterior view of the female trunk with the lungs. heart, and 
small intestine sectioned 
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Right internal jugular v. 


Right common carotid a 
Esophagus 
Trachea 


Left subclavian v. 
Right brachiocephalic v Left brachiocephalic v. 
Superior vena cava Aortic arch 


Right primary bronchus 


Left lung (sectioned) 
Esophagus 


Thoracic portion 


of aorta 
Pleural cavity 


Diaphragm 
Hepatic wy. 


Spleen 
Inferior vena cava 


ae if nes iN wy) Vy eal / = He Adrenal gland 
Duodenum \ WH. SA pee Left kidney 
RS 


Superior mesenteric v. 


Superior mesenteric a. 


Abdominal portion of aorta 


Ureter - E / 1 | il 1 a jk nen Inferior mesenteric a 


’ iI ‘\| ee) 
Right common iliac a tlt ls B) Descending colon 
Gluteus medius m ih \) 3 “4 7 Sigmoid colon 
i / 


Sartorius m. (cut) 


Tensor fasciae latae m 


e/ 
j » . Hl . 
Ovary J . ~ f 
ik fi ao A Uterus 
££ 
f / aa Rectus femoris m. (cut) 
Urinary bladder ——— — Rok) 
’ a Ue 
4 ‘ , 7 


lhopsoas m. 


L\ ZA) a. Vastus intermedius m 
Pectineus m. f | 


Adductor brevis m. 


ih AN \ | | | yf | , Adductor longus m 
Adductor magnus m. i Wy | | i) Jf 


Vastus medialis m. vi {\\ Lf | \\ \\ A\\\ \ J 7 I Vastus lateralis m 


Gracilis m 


FIGURE 27 


Ananterior view of the female trunk. 
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Esophagus 
Left common carotid a 


Right subclavian a 


Brachiocephalic trunk 


Rib 


Thoracic cavity 


External intercostal m 


Diaphragm 


Abdominal cavity 


i 


Inferior vena cava 


Intervertebral disc 


Psoas major m. 


Psoas minor m 


Iiacus Mm 


Gluteus medius m 


llopsoas Mm 


Femur 


Adductor longus m 


Lefl subclavian a 


Aortic arch 


Internal intercostal m 


Thoracic portion 
of aorta 


Esophagus 


Abdominal portion 
of aorta 


Transverse abdominis m. 


Filth lumbar vertebra 


lac crest 


Anterior superior ilac 
spine 
Anterior sacral foramen 


Sacrum 


Rectum 
Vagina 


Urethra 


Obturator foramen 


Adductor magnus m 


Gracilis m 


P 4 Crook 


FIGURE 28 


An anterior view of the female trunk with the thoracic 


tbdominal, and pelvic visceral organs removed 
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lleurons and Neuroglia 345 


Neurons 


Classification of Neurons and Nerves 
Neuroglia 


fiction Potentials in fleurons 39¢ 


lon Gating in Axons 
Action Potentials 


: Conduction of Nerve impulses 


The Synapse dob 


Electrical Synapses: Gap Junctions 
Chemical Synapses 


synaptic Iransmission Uy 
Acetylcholine d60 


Chemically Regulated Gates 
Excitatory Postsynaptic Potential (EPSP) 


fleurotransmitters of the Central flervous 
hystem dh 


Catecholamine Neurotransmitters 
Amino Acid Neurotransmitters 
Polypeptide Neurotransmitters 
Nitric Oxide as a Neurotransmitter 


: Synaptic Integration 368 


Synaptic Inhibition 


: Clinical Considerations 369 


Developmental Problems 

Diseases of the Myelin Sheath 

Problems of Neuromuscular Transmission 
Blood-Brain Barrier 


Chapter Summary 371 
NEXUS 372 


functional organization of the nervous syste 


objectives tee a 


Define the anatomical terms used to describe the 
nervous system and describe the different categories 
of neurons. 


Explain how myelin sheaths are formed in the PNS 
and CNS. 


Describe the process of axon regeneration in the PNS, 


Describe the nature of the blood-brain barrier and 
discuss its significance. 


Explain why an action potential is an all-or-none 
phenomenon and describe the nature of the refractory 
period. 


Explain how action potentials code for the strength 
of a stimulus. 


Compare the conduction of action potentials in 
unmyelinated and myelinated axons. 


Describe the nature of gap junctions. 


Describe the structure and function of chemical 
synapses. 


Explain how acetylcholine stimulates the production 
of EPSPs. 


Compare the characteristics of EPSPs and 
action potentials. 


Explain how EPSPs cause action potentials to be 
produced. 


Identity the catecholamines and explain how they are 
inactivated at the synapse. 


Describe the actions of dopamine, GABA, glycine, and 
the endorphins as synaptic transmitters and discuss 
their significance. 


Describe spatial and temporal summation and explain 
how EPSPs and IPSPs can interact in the process of 
postsynaptic inhibition. 


Describe the process of presynaptic inhibition. 
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fleurons and fleuroglia 


The nervous system ts composed of neurons. which produce and 
conduct electrochemical impulses, and neuroglia, which support the 
functions of neurons. Neurons may be classified according to their 


structure or function; the more abundant neuroglia perform 
specialized functions. 


The nervous system is divided into the central nervous sys- 
tem (CNS), which includes the brain and spinal cord, and 
the peripheral nervous system (PNS), which includes the 
cranial nerves that arise from the brain and the spinal nerves 
that arise from the spinal cord (table 14.1). 

The nervous system is composed of only two principal 
types of cells—neurons and neuroglia. Neurons are the basic 
structural and functional units of the nervous system. They 
are specialized to respond to physical and chemical stimuli, 
conduct electrochemical impulses, and release specific chem- 
ical regulators. Through these activities, neurons perform 
such functions as storing memory, thinking, and controlling 
muscles and glands. 

Neuroglia, or glial (glé‘al) cells, are supportive cells 
in the nervous system that aid the function of neurons. 
Neuroglia are about five times more abundant than neu- 
rons and have limited mitotic abilities (brain tumors that 
occur in adults are usually composed of neuroglia rather 
than neurons). 


Neurons 


Although neurons vary considerably in size and shape, they 
all have three principal regions: (1) a cell body, (2) den- 
drites, and (3) an axon (figs. 14.1 and 14.2). Dendrites and 
axons can he referred to generically as processes, or exten- 
sions from the cell body. 

The cell body, or perikaryon (per T-kar“e-on), is the 
enlarged portion of the neuron that contains the nucleus. 
It serves as the nutritional center of the neuron, where 
macromolecules are produced. The cell body also contains 
chromatophilic substances (Nissl bodies) that are not 
found in the dendrites or axon. These are composed of a 
granular (rough) endoplasmic reticulum—an organelle in- 


eeee 
gesicn bose naceoeesedseneeeeeeee o> 


neuroglia Gk neuron, nerve. glia, glue 
perikaryon: Gk peri, around: karyon, nucleus 
hilus, loving 
chromatophilic: Gk. Anroma, color, p 
Niss! body: from Franz Nissl, German neuroanatomist, 1860-1919 


pele ah ™ Ey DT "uf aa 


} Table 14] Anatomical terms used in 
: describing the nervous system 


volved in protein synthesis. The cell bodies within the 
CNS are frequently clustered into groups called nuclei 
(not to be confused with the nucleus of a cell). Cell 
bodies in the PNS usually occur in clusters called ganglia 
(table 14.1). 

Dendrites are thin, branched processes that extend 
from the cytoplasm of the cell body. Dendrites serve as a re- 
ceptive area for stimuli and transmit electrical impulses to 
the cell body. The axon is a longer process that conducts 


IPP PPR EE SESE SESE ESE SSS 
ganglion: Gk. ganglion, swelling 

Gendrite: Gk. dendron, tree branch 

axon: Gk. axon, axis 


Functional Organization of the Nervous System 
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Chapter Fourteen 


Dendrites 


f Axon 
. ¢ terminals 
i 
‘ 
Cell body 
es | 
} Chromatophilic Axon 
substance 
Axon hillock 
Nucleus Ps) 
9. \ Nucleolus 
Collateral \ ‘ 
axon a 
Schwann cells 
Direction 
of 
conduction 
Direction 
of 
conduction 
Nodes of Ranvier 
Myelin 
¥ Dendrites , 
’ . ; To . mY 
Axon : | ee ? 
terminals j Paras ( 
(a) (b) 
FIGURE 14.1 
The structure of two kinds of neurons. (a) A motor neuron and (b) a sensory neuron, ‘ 


impulses away from the cell body. Axons vary in length from 
only a millimeter long to up to a meter or more (for those 
that extend from the CNS to the toot). The origin of the 
axon near the cell body is called the axon hillock, and side 
branches that may extend from the axon are called collateral 
axons, or collateral branches. Axon terminals are the bulbu- 
lar endings of an axon. Axons are frequently referred to as 


nerve fibers. 


® 
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Classification of Neurans and Nerves 


Neurons may be classified according to their structure oF 
function. The functional classification ts based on the dir 
rection in which they conduct impulses. Sensory, or affer- 
ent, neurons conduct impulses from sensory receptors inte 
the CNS. Motor, or efferent, neurons (fig. 14.3) conduct 
impulses out ot the CNS to effector organs (muscles and 


Dendrites 


FIGURE 14.2 


The neuron as seen in a photomicrograph of nerve tissue. 


CNS PNS 


Somatic motor neuron 


—_—————> 


Autonomic motor neurons 


Receptors 


Smooth muscle 


Cardiac muscle 


glands). Association neurons, or interneurons, are located 
entirely within the CNS and serve the associative, or inte- 
grative, functions of the nervous system. The term innerva- 
tion refers to the nerve supply of a structure, which can be 
either sensory or motor. 

There are two types of motor neurons—somatic and 
autonomic. Somatic motor neurons are responsible for both 
reflex and voluntary control of skeletal muscles. Autonomic 
motor neurons innervate the involuntary effectors— 
smooth muscle, cardiac muscle, and glands. The cell bodies 
of the autonomic neurons that innervate these organs are 
located outside the CNS in autonomic ganglia. There are 
two subdivisions of autonomic neurons—sympathetic and 
parasympathetic. Autonomic motor neurons, together with 
their central control centers, constitute the autonomic 
nervous system (to be discussed in chapter 17). 

The structural classification of neurons is based on the 
number of processes that extend from the cell body of the 
neuron (fig. 14.4). Bipolar neurons have two processes, 
one at both ends; this type occurs in the retina of the eye. 
Multipolar neurons are the most common type and are 
characterized by several dendrites and one axon extending 
from the cell body. Motor neurons are good examples of 
this type. A pseudounipolar neuron has a single short 
process that divides like a T to form a longer process. Sen- 
sory neurons are pseudounipolar—one end of the longer 
process receives sensory stimuli and produces nerve im- 
pulses; the other end delivers these impulses to synapses 
within the brain or spinal cord. Anatomically, the part of 
the process that receives sensory stimuli and conducts im- 
pulses toward the cell body can be considered a dendrite 
and the part that conducts impulses from the cell body to 
the CNS can be considered an axon. Functionally, how- 
ever, the two constitute a single process 
(joined at the short stalk of the T made near 
the cell body) that behaves as a long axon. 
This axon conducts impulses continuously 
from the receptive “dendritic” branches at its 


Skeletal muscles origin to the neurons of the CNS. The cell 


bodies of the sensory neurons are located out- 
side the CNS in the posterior root ganglia of 
spinal and cranial nerves. 

A nerve is a bundle of nerve fibers lo- 
cated outside the CNS. Most nerves are 


Glands composed of both motor and sensory fibers, 
and thus are called mixed nerves. Some of the 
cranial nerves, however, contain sensory 

Seinaleaed fibers only. These are the nerves that serve 
segmented the special senses of smell, sight, hearing, 
The rel ienceip between sensory and motor fibers of the peripheral nervous and equilibrium, 


sateusic IS 
system (PNS) and the central nervous system (CNS). 
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FIGURE 14.4 


Three different types of neurons, 


Dendrites 
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Pseucounipolar 


Dendrites 


Neurogha 


Unlike other organs that are packaged in connective tissue 
derived from mesoderm (the middle layer of embryonic tis- 
sue), in the nervous system the supporting neuroglial cells are 
derived from the same embryonic tissue layer (ectoderm) 
that produces neurons. There are six categories of neuroglial 
cells: (1) Schwann cells, or neurolemmocytes, which form 


PTrrerrrrrrrErEsee reese 


Schwann cell trom Theodor Schwann, German histologist, 1810-1882 
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myelin sheaths around peripheral axons; (2) oligodendro- 
cytes (ol “T-go-den ‘drd-sitz), which form myelin sheaths 
around axons of the CNS; (3) microglia, which are phago- 
cytic cells that migrate through the CNS and remove for 
eign and degenerated material; (4) astrocytes, which help 
to regulate the passage of molecules from the blood to the 
brain; (5) ependymal (é-pen‘di-mal) cells, which line the 


Pee ccrccccvcccceccecccccccccceeccces 
oligodendrocyte Gk oligos. lew, L dens, tooth: Gk kytos, hollow (cell) 
microglia’ Gk mikros small, glia. glue 

astrocyte Gk aster, star, kyfos, hollow (cell) 


| Table 1h. . Nawogltel cells and their 


functions 


Functions 


forming a neurolemmal sheath, o 
Schwann; wrap around many perip 1 
to form myelin sheaths; also calles 
neurolemmocytes 


Form myelin sheaths around a 
white matter of the CNS 


within the CNS 
Form the epithelial lining of bra 


microglia’ Gk. mrkros, small; gla, glue 


ventricles of the brain and the central canal of the spinal 
cord; and (6) satellite cells, which support neuron cell bod- 
ies within the ganglia of the PNS (table 14.2). 


Sheath of Schwann and Myelin Sheath Some axons in 
the CNS and PNS are surrounded by a myelin sheath and are 
known as myelinated axons. Other axons do not have a 
myelin sheath and are unmyelinated axons. 

All axons in the PNS (but not in the CNS) are sur- 
rounded by a living sheath of Schwann cells, the sheath of 
Schwann, also known as the neurolemmal sheath. The outer 
surface of this layer of Schwann cells is encased in a glyco- 
protein basement membrane, analogous to the basement 
membrane that underlies epithelial membranes. The base- 
ment membrane and the cell membrane of the Schwann 
cells is often referred to as the neurilemma (noor “i-lema). 
The axons of the CNS, by contrast, lack a sheath of 
Schwann (because Schwann cells are only found in the 
PNS) and also lack a continuous basement membrane. This 
characteristic is significant in terms of nerve regeneration, as 
we will describe ina later section. 

Axons that are smaller than 2 ptm in diameter are usu- 
ally unmyelinated. Larger axons are generally surrounded 
by a myelin sheath, which ts composed of successive wrap- 
pings of the cell membrane of Schwann cells (tig. 14.5) GF 
oligodendrocytes. Schwann cells form myelin in the PNS, 
Whereas oligodendrocytes form myelin in the CNS. 


Myelinated 
fegion 


Schwann cell 
nucleus 


(b) 


FIGURE 14.5 


A myelinated neuron. A myelin sheath is formed by Schwann 
cells around the axons of many peripheral neurons. The myelin 
sheath is composed of wrappings ot Schwann cell membrane. 
The Schwann cell nucleus and most of the cytoplasm, along with 


an outermost basement membrane, 1s located to the outside of the 
myelin sheath. 
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FIGURE 14.6 

The formation of a myelin sheath in a peripheral axon. The 
myelin sheath is formed by successive wrappings of the Schwann 
cell membranes, leaving most of the Schwann cell cytoplasm 
outside the myelin. The sheath of Schwann is thus located outside 


the myelin sheath. 


In the process of myelin formation in the PNS, 
Schwann cells roll around the axon, much like electrician’s 
tape is wrapped around a wire. But unlike electrician’s tape 
the wrappings are made in the same spot so that each wrap- 
ping overlaps the others. The cytoplasm, meanwhile, be- 
comes squeezed to the outer region of the Schwann cell, 
much as toothpaste ts squeezed to the top of the tube as 
the bottom 1s rolled up (fig. 14.6). Each Schwann cell 
wraps only about | mm of axon, leaving gaps of exposed 
axon between the adjacent Schwann cells. These gaps in 


uh 
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FIGURE 14.7 


An electron micrograph of unmyelinated and myelinated axons. 


the myelin sheath are known as the nodes of Ranvier 
(ran ‘ve-a), also called neurofibril nodes. The successive 
wrappings of Schwann cell membrane serve to insulate the 
axon, leaving only the nodes of Ranvier exposed to produce 
nerve impulses. 

The Schwann cells remain alive as their cytoplasm is 
squeezed to the outside of the myelin sheath. As a result, 
myelinated axons of the PNS, like their unmyelinated coun- 
terparts, are surrounded by a living sheath of Schwann, to 
the outside of which is a continuous basement membrane 
(fig. 14.7). 

The myelin sheaths of the CNS are formed by oligo 
dendrocytes. Unlike a Schwann cell, which forms a myelin 
sheath around only one axon, each oligodendrocyte has ex- 
tensions, like the tentacles of an octopus, that form myelin 
sheaths around several axons (fig. 14.8). Myelinated axons 
of the CNS, as a result, are not surrounded by a continuous 
basement membrane. The myelin sheaths around axons of 
the CNS give this tissue a white color; areas of the CNS 


nodes of Ranvier: from Louis A. Ranvier, French pathologist, 1835-1922 
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that contain a high concentration of axons 
thus form the white matter. The gray matter 
of the CNS ts composed of high concentra- 
tions of cell bodies and dendrites, which lack 
myelin sheaths. (The only dendrites that have 


myelin sheaths are those of the sensory neu- 
rons of the PNS.) 


Node of 
Regeneration of aCut Axon Whenanaxon | %2 
ina peripheral nerve is cut, the distal portion 
of the axon that was severed from the cell 
body degenerates. The Schwann cells, sur- 
rounded by the basement membrane, then 
form a regeneration tube, as the part of the axon 
that is connected to the cell body begins to 
grow and exhibit amoeboid movement. The 
Schwann cells of the regeneration tube are be- 
lieved to secrete chemicals that attract the 
growing axon tip, and the regeneration tube 


FIGURE 14.8 


Myelin sheath 


helps to guide the regenerating axon CO ICS Formation of myelin sheaths in the central nervous system by an oligodendrocyte. 
proper destination. Even a severed major One oligodendrocyte forms myelin sheaths around several axons. 


nerve may be surgically reconnected and the 
function of the nerve largely reestablished if the surgery is 
performed before tissue death. 

Injury in the CNS stimulates growth of axon collater- 
als, but CNS axons are much more limited in their ability to 
regenerate than peripheral axons. This may be due in part to 
the absence of a continuous basement membrane, which 
precludes the formation of a regeneration tube. 


regenerate if they are provided with the appropnate 
environment. In a developing fetal brain, chemicals 
~ that include nerve growth factor promote axon 
growth, and such chemicals have been shown in 
experimental animals to promote neuron regeneration in 
adult brains. Grafts of fetal brain tissue into adult brains have 


similar effects 


a Experiments in vitro suggest that central axons can 


Astrocytes and the Blood-Brain Barrier Astrocytes (fig. 
14.9) are large, star-shaped cells with numerous cytoplas- 
mic processes that radiate outward. They are the most abun- 
dant of the neuroglia in the CNS, constituting up to 90% of 
the nervous tissue in some areas of the brain. 

Astrocytes are Known to interact with neurons in two 
different ways. First, they have been shown to take up potas- 
sium tons from the extracellular fluid. Since K* is released 
from active neurons during the production of nerve im- 
pulses (discussed ina later section), this action of astro- 
cytes may be very important in maintaining a proper tonic 
environment for the neurons. Second, astrocytes have been 
shown to take up specific neurorransmitter Chemicals that 
are released from the axon endings, as described ina later 
section. These neurotransmitrers, Known ay glutamic acid 
and gamma-aminobutyric acid (GABA), are broken down 


Vascular processes 


FIGURE 14.9 

A photomicrograph showing the vascular processes of astrocytes 
Astrocyte processes have bulbous ends. or feet, that cover most of 
the surface area of brain capillaries 


within the astrocytes. The molecule produced trom this 
breakdown—glutamine—ts released trom the astrocytes 
and made available to the neurons in order for them to 
resynthesize these particular neurotransmitters. 
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Astrocytes have also 
been shown to interact 
with blood capillaries 
within the brain. Indeed, 
the brain capillaries are al- 
most entirely surrounded 
by extensions of the astro- 
cytes known as vascular 
processes. This association 
between astrocytes and 
brain capillaries has im- 
portant physiological 
consequences. 

Capillaries in’ the 
brain, unlike those of most 
other organs, do not have 
pores between adjacent en- 
dothelial cells (the cells that compose the walls of capillar- 
ies). Instead, the endothelial cells of brain capillaries are 
joined together by tight junctions. Unlike other organs, 
therefore, the brain cannot obtain molecules from the blood 


Recording 
electrodes 


sy 


FIGURE 14.10 


plasma by a nonspecific filtering process. Instead, molecules 
within brain capillaries must be moved through the en- 
dothelial cells by diffusion, active transport, endocytosis, 
and exocytosis. This feature of brain capillaries imposes a 
very selective blood-brain barrier. There is evidence to sug- 
gest that the development of tight junctions between adja- 
cent endothelial cells in brain capillaries, and thus the 
development of the blood-brain barrier, results from the ef- 
fects of astrocytes on the brain capillaries. 


r The blood-brain barrier presents difficulties in the 
chemotherapy of brain diseases because drugs that 
can enter other organs may not be able to enter the 
brain. In the treatment of Parkinson's disease, for 

example, patients who need a chemical called dopamine in 
the brain must be given a precursor molecule called 
levodopa (L-dopa). Dopamine cannot cross the blood-brain 
barrier, but L-dopa can enter the neurons and be changed to 
dopamine in the brain. 


The permeability of the axon membrane to Nat and K* ts regulated 
by gates that open im response to sumulation. Net diffusion of these 
ions occurs im Geo stages; first Nat moves nto the axon, then 

K* moves out. This flow of tons, and the changes the 

membrane potential that result, constitute an event known as an 


action potential 


All cells in the body maintain a potential difference (volt- 
age) across the membrane, or resting membrane potential, in 


The difference in potential (in millivolts) between an intracellular and extracel 
is displayed on an oscilloscope screen. The resting membrane potential (rmp) of the axon may be 
reduced (depolarization) or increased (hyperpolarization). 


0 
= Depolarization 
P| eee aa accion 
- 80 Hyperpolarization 


ular recording electrode 


which the inside of the cell is negatively charged in com- 
parison to the outside of the cell (for example, -65 mV). 
As explained in chapter 5, this potential difference is largely 
the result of the permeability properties of the cell mem- 
brane. The membrane traps large, negatively charged or- 
ganic molecules within the cell and permits only limited 
diffusion of positively charged inorganic ions. This differ- 
ential permeability results in an unequal distribution of 
sodium and potassium ions across the membrane. The ac- 
tion of the Na*/K* pumps also helps to maintain a potential 
difference because they pump out three sodium ions for 
every two potassium ions that they transport into the cell. 
Na? is thus more highly concentrated in the extracellular 
fluid than in the cell, whereas K* is more highly concen- 
trated within the cell. 

An increase in membrane permeability to a specific 
ion results in the diffusion of that ion down its concentration 
gradient, either into or out of the cell. These ion currents 
occur only across limited patches of membrane (located frac- 
tions of a millimeter apart), where specific ion channels are 
located. Changes in the potential difference across the mem- 
brane at these points can be measured by the voltage devel- 
oped between two electrodes—one placed inside the cell, 
the other placed outside the cell membrane at the region 
being recorded. The voltage between these two recording 
electrodes can be visualized by connecting them to an oscil- 
loscope (fig. 14.10). 

In an oscilloscope, electrons from a cathode-ray gun 
sweep across a fluorescent screen, producing a line of light. 
Changes in the potential difference between the two record- 
ing electrodes cause this line to deflect. The oscilloscope 
can be calibrated so that an upward deflection of the line in- 
dicates that the inside of the membrane has become less 
Negative (or more positive) compared to the outside of the 
membrane. A downward deflection of the line, conversely, 
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indicates that the inside of the cell has become more nega- 
tive. The oscilloscope can thus function as a fast-respond- 
ing voltmeter that can display voltage changes as a function 
of time. 

If both recording electrodes are placed outside of 
the cell, the potential difference between the two will 
be zero (because there is no charge separation). When 
one of the two electrodes penetrates the cell membrane, 
the oscilloscope will indicate that the intracellular elec- 
trode is electrically negative with respect to the extra- 
cellular electrode; a membrane potential is recorded. If 
appropriate stimulation causes positive charges to flow 
into the cell, the line will deflect upward. This change 
is called depolarization because the potential difference 
between the two recording electrodes is reduced. If, on 
the other hand, the inside of the membrane becomes 
more negative as a result of stimulation, the line on the 
oscilloscope will deflect downward. This change is 
called hyperpolarization. 


/on bating in Auons 


The permeability of the membrane to Na*, K*, and other 
ions is regulated by parts of the ion channels through the 
membrane called gates. Gates are believed to be com- 
posed of polypeptide chains that can open or close a 
membrane channel according to specific conditions. 
When a gated channel for a specific ion is closed, the 
membrane is not very permeable to that ion; when the 
gated channel is opened, the permeability to that ion 
can be greatly increased. 

It is believed that there are two types of channels for 
K*; one type lacks gates and 1s always open, whereas the 
other type has gates that are closed in the resting cell. Chan- 
nels for Na’, by contrast, always have gates, and these gates 
are closed in the resting cell. The resting cell is thus more 
permeable to K* than to Na*. (As described in chapter 5, 
there is some leakage of Na* into the cell, which may occur 
IN a Nonspecific Manner thre uugh open K* channels.) Con- 
sequently, the resting membrane potential is close to, but 
slightly less than, the equilibrium potential for K* (described 
in chapter 5). 

Whether the gates for the Na* and K* channels are 
open or closed depends on the membrane potential. The 
eated channels are closed at the resting membrane poten- 
cial of —65 mV, but they open when the membrane ts depo- 
lanced to a certain threshold level. Since the opening and 
closing of these gates is regulated by the membrane voltage, 
the gates are sand to be voltage regulated. 

Depolarization of a small region of an axon can be ex- 
permmentally induced by a paurot stumulating electrodes that 
actas if they were injecting positive charges into the axon. 
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Ifa pair of recording electrodes are placed in the same re- 
gion, an upward deflection of the oscilloscope line will be 
observed as a result of this depolarization. If a certain level 
of depolarization is achieved (from —65 mV to —55 mV, for 
example) by this artificial stamulation, a sudden and very 
rapid change in the membrane potential will be observed. 
This is because depolarization to a threshold level causes the 
Na* gates to open. Now the permeability properties of the 
membrane are changed, and Na* diffuses down its concen- 
tration gradient into the cell. 

A fraction of a second after the Na* gates open, they 
close again. At this time, the depolarization stimulus causes 
the K* gates to open. This makes the membrane more per- 
meable to K* than it is at rest, and K* diffuses down its con- 
centration gradient out of the cell. The K* gates will then 
close and the permeability properties of the membrane will 
return to what they were at rest. 


Action Potentials 


In this section we will consider the events that occur at one 
point in an axon when a small region of axon membrane is 
stimulated artificially and responds with changes in ion per- 
meabilities. The resulting changes in membrane potential 
at this point are detected by recording electrodes placed in 
this region of the axon. The nature of the stimulus in vivo 
(in the body) and the manner by which electrical events are 
conducted to different points along the axon will be de- 
scribed in later sections. 

When the axon membrane has been depolarized to a 
threshold level, the Na* gates open and the membrane be- 
comes permeable to Na*. This permits Na* to enter the 
axon by diffusion, which further depolarizes the membrane 
(makes the inside less negative, or more positive). Since 
the Na®* gates of the axon are voltage regulated, this fur- 
ther depolarization makes the membrane even more per- 
meable to Na*, so that even more Na* can enter the cell 
and open even more voltage-regulated Na’ gates. A posi- 
tive feedback loop (fig. 14.11) is thus created, which causes 
the rate of Na’ entry and depolarization to accelerate in an 
explosive fashion. 

After a slight time delay, depolarization of the axon 
membrane also causes the opening of voltage-regulated K* 
gates and the diffusion of K* out of the cell. Since K* is pos- 
ively charged, the ditfusion of K* out of the cell makes the 
inside of the cell less positive, or more negative, and acts to 
restore the original resting membrane potential. This process 
is called repolarization and represents the completion of a 
negative feedback loop (tig. 14.11). 

Figure 14.12b illustrates the movement of Na* and 
K* through the axon membrane in response to a depolar- 
ization stimulus. Notice that the explosive increase in Na’ 
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FIGURE 14.11 


Depolarizanon of an axon has two effects: (1) Na* gates open 
and Na- diffuses into the cell and (2), alter a brief peried, K* 
gates open and K° diffuses out of the cell. An inward 
diffusion of Na’ causes further depolarization, which in turn 


diffusion causes rapid depolarization to 0 mV and then over- 
shoot of the membrane potential so that the inside of the 
membrane actually becomes positively charged (almost +40 
mV) compared to the outside (fig. 14.12a). The Na* per- 
meability then rapidly decreases as the diffusion of K* in- 
creases, resulting in repolarization to the resting membrane 
potential. These changes in Na* and K* diffusion and the 
resulting changes in the membrane potential that they pro- 
duce constitute an event called the action potential, or 
nerve impulse. 

Once an action potential has been completed, the 
Na‘/K* pumps will extrude the extra Na* that has entered 
the axon and recover the K* that has diffused out of the 
axon. This active transport of ions occurs very quickly be- 
cause the events described occur across only a very small 
area of membrane, and so only relatively small amounts 
of Nat and K°* actually diffuse through the membrane 
during the production of an action potential. The total 
concentrations of Na* and K* in the axon and in the ex- 
tracellular fluid are not significantly changed during an ac- 
tion potential. Even during the overshoot phase, for 


FIGURE 14.12 

An action potential (a) is produced by an increase in sodium 
diffusion that is followed, with a short ime delay, by an increase in 
potassium diffusion (b). This dnves the membrane potential first 
toward the sodium equilibrium potential and then toward the 
potassium equilibnum potential 


354) 
Downloaded from Durr-e-Danish Library 


Membrane potential changes from — 65 mV to +40 mV 


Membrane potential repolarizes to -65 mV 


causes further opening of Na’ gates in a positive feedback + 
fashion. The opening of K* gates and outward diffusion of Kr 
make the inside of the cell more negative, and thus have a 
negative feedback effect - on the initial depolarization. 
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example, the concentration of Na* remains higher outside 
the axon; repolarization thus requires the outward diffusion 
of K*, the concentration gradient of which is in the opposite 
direction to that of the Nat, 

Notice that active transport Processes are not directly 
involved in the production of an action potential; both de- 
polarization and repolarization are produced by the diffu- 
sion of tons down their opposing concentration gradients. A 
neuron poisoned with cyanide, so that it cannot produce 
ATP, can stall produce action potentials for a period of time. 
Atter awhile, however, the lack of ATP for active trans- 
port by the Na*/K* pumps will result in a decline in the 
ability of the axon to produce action potentials. Thts 
demonstrates that the Nat/K* pumps are not directly in- 
volved, but rather are required to maintain the concentra- 
tion gradients needed for the diffusion of Na* and K* during 
action potentials. 


All-or-None Law) Once a region of axon membrane has 
been depolarized to a threshold value, the positive feed- 
back effect of depolarization on Nat permeability and of 
Na* permeability on depolarization causes the membrane 
potential to shoot toward about +40 mV. It does not nor- 
mally become more positive because the Na* gates quickly 
close and the K* gates open. The length of time that the 
Na* and K* gates stay open is independent of the strength 
of the depolarization stimulus. 

The amplitude of action potentials is therefore all or 
none. When depolarization is below a threshold value, the 
voltage-regulated gates are closed; when depolarization 
reaches threshold, a maximum potential change (the ac- 
tion potential) is produced. Since the change from -65 mV 
to +40 mV and back to -65 mV lasts only about 3 msec, 
the image of an action potential on an oscilloscope screen 
looks like a spike. Action potentials are therefore some- 
times called spike potentials. 

Since the gates are open for a fixed period of time, the 
duration of each action potential is about the same. Like- 
wise, since the concentration gradient for Na* is relatively 
constant, the amplitude of each action potential is about 
the same in all axons at all times (from -65 mV to +40 mV, 
or about 100 mV in total amplitude). 


Coding for Stimulus Intensity If one depolarization stim- 
ulus is stronger than another, the stronger stimulus is not 
coded in the nervous system by a greater amplitude of action 
potentials (because action potentials are all-or-none 
events). When a stronger stimulus is applied to a neuron, 
identical action potentials are produced more frequently 
(more are produced per minute). Therefore, the code for 
stimulus strength in the nervous system is frequency mod- 
ulated (FM). This concept is illustrated in figure 14.13. 
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FIGURE 14.13 


Recordings from a single sensory fiber of the sciatic nerve of a 
frog stimulated by varying degrees of stretch of the 
gastrocnemius muscle. Note that increasing amounts of stretch 
(indicated by increasing weights attached to the muscle) result in 
an increased {frequency of action potentials. 


When an entire collection of axons (in a nerve) is 
stimulated, different axons will be stimulated at different 
stimulus intensities. A low-intensity stimulus will only ac- 
tivate those few axons with low thresholds, whereas high- 
intensity stimuli can activate axons with higher thresholds. 
As the intensity of stimulation increases, more and more 
axons will become activated. This process, called recruit- 
ment, represents another mechanism by which the nervous 
system can code for stimulus strength. 


Refractory Periods If a stimulus of a given intensity is 
maintained at one point along an axon and depolarizes it to 
threshold, action potentials will be produced at that point at 
a given frequency (number per minute). As the stimulus 
strength is increased, the frequency of action potentials pro- 
duced at that point will increase accordingly. As action po- 
tentials are produced with increasing frequency, the delay 
between successive action potentials will decrease. How- 
ever this time interval will never be decreased to the point 
where a new action potential is produced before the pre- 
ceding one has finished. 

During the time that a patch of axon membrane is pro- 
ducing an action potential, it is incapable of responding to 
further stumulation, and is said to be refractory. If a second 
stimulus is applied, for example, while the Na* gates are 
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Open in response to a first stimulus, the second stimulus can- 
not have any effect (the gates are already open). During the 
time that the Na* gates are open, therefore, the membrane 
is in.an absolute refractory period and cannot respond to 
any subsequent stimulus. Ifa second stimulus is applied while 
the K* gates are open (and the membrane is in the process of 
repolarizing), the membrane ts in a relative refractory 
Period. During this time, only a Very strong stimulus can 
depolarize the membrane and produce a second action po- 
tential (fig. 14.14). 

Because the cell membrane is refractory during the 
time it is producing an action potential, each action po- 
tential remains a separate, all-or-none event. In this way, 
as a continuously applied stimulus increases in inten- 
sity, its strength can be coded strictly by the frequency of 
the action potentials it produces at each point of the 
axon membrane. 

One might suppose that as an axon produced a large 
number of action potentials, the relative concentrations of 
Na®* and K* would be changed in the extracellular and in- 
tracellular compartments. This is not the case. In a typical 
mammalian axon that is | um in diameter, for example, only 
1 intracellular K* ion in 3000 would be exchanged for a Na’. 
Since a typical neuron has about 1 million Na*/K* pumps, 
which can transport nearly 200 million ions per second, 
these small changes can be quickly corrected. 


Cable Properties of Neurons = [f a pair of stimulating elec- 
trodes produces a depolarization that is too weak to reach 
threshold (about -55 mV), the change in membrane po- 
tential will be localized to within | to 2 mm of the point of 
stimulation. For example, if the stimulus causes depolar- 
ization from —65 mV to -60 mV at one point, and the 
recording electrodes are placed only 3 mm away from the 
stimulus, the membrane potential recorded will remain at 
-~65 mV (the resting potential). The axon is thus a very 
poor conductor compared to metal wires. 

The term cable properties is used to describe the ability 
of a neuron to transmit charges through its cytoplasm. These 
cable properties are poor because there is a high internal re- 
sistance to the spread of charges and because many charges 
leak out of the axon through its membrane. If an axon had 
to conduct only through its cable properties, therefore, no 
axon could be more than a millimeter in length. Some axons 
are a meter or more in length however, which suggests that 
the conduction of nerve impulses does not rely on the cable 


properties of the axon. 


Conduction of herve Impulses 


When stimulation of electrodes artificially depolarizes one 
point of an axon membrane to a threshold level, voltage- 
regulated gates open and an action potential is produced at 
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FIGURE 14.14 
The absolute and relative refractory periods. While a segment of 


axon 1s producing an action potential, the membrane is 
absolutely or relatively resistant (refractory) to further stimulation 


that small region of axon membrane. For about the first 
millisecond of the action potential, when the membrane 
voltage changes from —65 mV to +40 mV, a current of Na* 
enters the cell by diffusion as a result of the opening of the 
Na®* gates. Each action potential thus injects positive 
charges (sodium ions) into the axon. 

These positively charged sodium ions are conducted, 
by the cable properties of the axon, to an adjacent region 
that still has a membrane potential of -65 mV. Within the 
limits of the cable properties of the axon (1 to 2 mm), this 
conduction helps to depolarize the adjacent region of axon 
membrane. When this adjacent region of membrane reaches 
a threshold level of depolarization, it too produces an ac- 
tion potential as its voltage-regulated gates open. 

Each action potential thus acts as a stimulus for the 
production of another action potential at the next region 
of membrane. In the description of action potentials earlier 
in this chapter, the stimulus for their production was artifi- 
cial depolarization, produced by a pair of stimulating elec- 
trodes. Now, it can be seen that an action potential at a 
given point along an axon results from depolarization pro- 
duced by a preceding action potential. This explains how 
all action potentials along an axon are produced after the 
first action potential is generated. 


Conduction in an Unmyelinated Axon In an unmyelinated 
axon, every patch of membrane that contains Na’ and K* 
gates can produce an action potential. Action potentials are 
thus produced at locations only a fraction of a micrometer 
apart all along the length of the axon. 
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FIGURE 14.15 

The conduction of a nerve impulse (action potential) in an 
unmyelinated nerve fiber (axon). Each action potential “injects” 
positive charges that spread to adjacent regions. The region 
that has previously produced an action potential is refractory. 
The previously unstimulated region is partially depolarized. As 
a result, its voltage-regulated Na’ gates open, and the process 
is repeated. 


The cablelike spread of depolarization induced by 
Na’ influx during one action potential helps to depolarize 
the adjacent regions of membrane. This process 1s also 
aided by movements of ions on the outer surface of the 
axon membrane (fig. 14.15). Action potentials are passed 
in one direction only along 
the length of the axon be- 
cause the area in the op- 
posite direction has just 
produced an action po- 
tential and cannot pro- 
duce a new one, being still 
in its refractory period, 

It should be noted 
thar action potentials are Na* 
not really conducted, al- 


Myelin Na* 


FIGURE 14.16 


though itis conventent to 


axon’s length. The action potential produced at the end of 
the axon is a completely new event that occurs in response 
to depolarization from the previous action potential. This last 
action potential has the same amplitude as the first; thus, ac- 
tion potentials are said to be conducted without decrement 
(without decreasing in amplitude). 

The spread of depolarization by the cable properties of 
an axon is fast compared to the time it takes to produce an 
action potential. Since action potentials are produced at 
every fraction of a micrometer in an unmyelinated axon, 
the conduction rate is relatively slow. It is somewhat faster 
if the unmyelinated axon is thicker. This is because the abil- 
ity of fibers to conduct charges by cable properties improves 
with increasing diameter. The conduction rate 1s substan- 
tially faster if the axon is myelinated. 


Conduction in a Myelinated Axon) =The myelin sheath pro- 
vides insulation for the axon, preventing movements of Na* 
and K* through the membrane. If the myelin sheath were 
continuous, therefore, action potentials could not be pro- 
duced. Fortunately, there are interruptions in the myelin— 
the nodes of Ranvier. 

Because the cable properties of axons can only con- 
duct depolarizations over a very short distance (1-2 mm), 
the nodes of Ranvier must be very close together (they are 
generally about | mm apart). Studies have shown that Na* 
channels are highly concentrated at the nodes (estimated 
at 10,000 per square micrometer) and almost absent in the 
regions of axon membrane between the nodes. Action po- 
tentials, therefore, occur only at the nodes of Ranvier (fig. 
14.16) and seem to leap from node to node in a type of con- 
duction called saltatory conduction. 

Since the cablelike spread of depolarization between 
the nodes is very fast and fewer action potentials need to be 
produced per given length of axon, saltatory conduction 
permits a faster rate of conduction than ts possible in an 
unmyelinated fiber. Conduction rates in the human 
nervous system vary from about 
1.0 m/sec—in thin, unmyelin- 
ated axons that mediate slow, 
visceral responses—to faster 
than 100 m/see (225 mph)—in 
thick, myelinated axons in- 
volved in quick stretch reflexes 
in skeletal muscles. These dif- 
ferences in conduction rates ex- 
plain, tor example, why the 
eyeblink reflex ts much faster 
than the reflex that constricts 


Functional Organization of the Nervous System 


The conduction of the nerve impulse in a myelinated nerve fiber. 


; the pupils in response to light. 
Since the myelin sheath prevents inward Na‘ current, achon 


use thar word. Each action 
potential is a separate, COM 
plete event that ts repeated, 
or regenerated, along the 


potentials can be produced only at the gaps in the myelin sheath 
called the nodes of Ranvier This “leaping” of the action potential 
from node to node is known as saltatory conduction 


Pewee wee ee seme eaeeeeee 


saltatory L sa/tatio, leap 
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Chapter Fourteen 


Axons end close to, or InN some Case 


sat contact with, another cell. 
Onee action potentials reach the end of an axon, they directly or 
indirectly smulate the other cell. In spectalized cases, action 
potentials can directly pass from one cell to another. In most cases, 
however, the action potentials stop at the axon terminal, where they 
stimulate the release of a chemical neurotransmitter that smulates 
the next cell. 

A synapse is the functional connection between a neu- 
ren and a second cell. In the CNS, this other cell is also 
a neuron. In the PNS, the other cell may be either a 
neuron or an effector cell within a muscle or a gland. AL- 
though the physiology of neuron-neuron synapses and 
neuron—muscle synapses is similar, the latter synapses 
are often called myoneural (mi’’d-noor‘al) or neuro- 
muscular, junctions. 

Neuron-neuron synapses usually involve a connection 
between the axon terminal of one neuron and the dendrites, 
cell body, or axon of a second neuron. These are called, re- 
spectively, axodendritic, axosomatic, and axoaxonic synapses 
(fig. 14.17). In almost all synapses, transmission is in one 
direction only—from the axon of the first (or presynaptic) 
cell to the second (or postsynaptic) cell. 

In the early part of the twentieth century, most physi- 
ologists believed that synaptic transmission was electrical— 
that is, that action potentials were conducted directly from 
one cell to the next. This was a logical assumption given 
that axon terminals appeared to touch the postsynaptic cells 
and that the delay in synaptic conduction was extremely 
short (about 0.5 msec). Improved histological techniques, 
however, revealed tiny gaps in the synapses, and experiments 
demonstrated that the actions of autonomic nerves could 
be duplicated by certain chemicals. This led to the hypoth- 
esis that synaptic transmission might be chemical—that the 
presynaptic axon terminals might release chemical neuro- 
transmitters that stimulated action potentials in the post- 
synaptic cells. 

In 1921, a physiologist named Otto Loewi published 
the results of an experiment suggesting that synaptic trans- 
mission was indeed chemical, at least at the junction be- 
tween a branch of the vagus nerve (chapter 17) and the 
heart. He had isolated the heart of a frog and, while stimu- 
lating the cardiac branch of the vagus that innervates the 
heart, perfused the heart with an isotonic salt solution. 
Stimularion of this nerve slowed the heart rate, as expected. 
More importantly, application of this salt solution to the 
heart of a second frog caused the second heart to slow its 
rate of beat. 


Seem meee weer ee eereeeeseeeeseeeee 


Otto Loewi: American pharmacologist (1873-1961) 


FIGURE 14.17 


Different types of synapses: (a) axodendritic, (b) axoaxonic, 
(c) dendrodendritic, and (d) axosomatic. 


Loewi concluded that the axon terminals of the vagus 
nerve must have released a chemical, which he called va- 
gusstoff, that inhibited the heart rate. This chemical was 
subsequently identified as acetylcholine (a-set“I-ko len) or 
ACh. In the decades following Loew's discovery, many other 
examples of chemical synapses were discovered, and the the- 
ory of electrical synaptic transmission fell into disrepute. 
More recent evidence, ironically, has shown that electrical 
synapses do exist in the nervous system (although they are 


the exception), within smooth muscles, and between car- 
diac cells in the heart. 
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Hlectrical synapses: bap Junctions 


In order for two cells to be electrically coupled, they must be 
approximately equal in size and must be joined in areas of 
low electrical resistance. In this way, impulses can be re- 
generated from one cell to the next without interruption. 

Adjacent cells that are electrically coupled are joined 
together by gap junctions. In gap junctions, the mem- 
branes of the two cells are separated by only 2 nanometers 
(1 nanometer = 10°? meter). A surface view of gap junc- 
tions in the electron microscope reveals hexagonal arrays 
of particles that are believed to be channels through 
which ions and molecules may pass from one cell to the 
next (fig. 14.18). 

Gap junctions are present in smooth and cardiac mus- 
cle, where they allow excitation and rhythmic contraction 
of large masses of muscle cells. Gap junctions have also 
been observed in various regions of the brain. Although 
their functional significance in the brain is unknown, it 
has been speculated that they may allow a two-way trans- 
mission of impulses (in contrast to chemical synapses, 
which are always one-way). Gap junctions have also been 
observed between neuroglia, which do not produce elec- 
trical impulses; these may act as channels for the passage of 
informational molecules between cells. It is interesting in 
this regard that many embryonic tissues have gap junctions 
and that these gap junctions disappear as the tissue be- 
comes more specialized. 
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FIGURE 14.18 


Gap junctions. (a) An electre 


unchons 


membranes of two cells are fuse 


with the arrow 


b) A graphic representanon of gap }anc™ n 
| through which ions 


ne and molecules may pass 
indicating ag channel! thre n iles y 


Chemical synapses 


Transmission across the majority of synapses in the nervous 
system ts one-way and occurs through the release of chemi- 
cal neurotransmitters from presynaptic axon terminals. 
These presynaptic endings, which are called axon termi- 
nals, or terminal boutons (boo-tonz’) because of their 
swollen appearance, are separated from the postsynaptic cell 
by a synaptic cleft so narrow that it can only be seen clearly 
with an electron microscope (fig. 14.19). 

Neurotransmitter molecules within the axon terminals 
are contained within many small, membrane-enclosed 
synaptic vesicles. In order for the neurotransmitter within 
these vesicles to be released into the synaptic cleft, the vest- 
cle membrane must fuse with the axon membrane and re- 
lease its contents. This process is known as exocytosis. The 
neurotransmitter is released im quanta—that is, in multiples 
of the amount contained in one vesicle. The number of vesi- 
cles that undergo exocytosis is directly related to the fre- 
quency of action potentials produced at the axon terminals. 

The release of neurotransmitters following electrical 
excitation of the axon terminals accounts for most of the 
0.5-msec time delay in synaptic transmission. During this in- 
terval there is a sudden, transient inflow of Ca** into the 
axon terminals. This inflow of Ca** is apparently due to the 
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FIGURE 14.19 
An 


electron micrograph of a chemical synapse showing synaptic 
icles at the end of an axon 
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Mitochondria 


Functional Organization of the Nervous System 


Chapter Fourteen 


opening of Ca** gates in response to electrical excitation 
and is required for the release of neurotransmitters. The Ca** 
activates a regulatory protein within the cytoplasm called 
calmodulin, which in turn activates an enzyme called pro- 
tein kinase. This enzyme phosphorylates (adds a phosphate 
group to) specific proteins known as synapsins in the mem- 
brane of the synaptic vesicle. This permits the vesicle to un- 
dergo exocytosis and release its content of neurotransmitter 
molecules. Since regulation by Ca**, calmodulin, and pro- 
tein kinase ts also involved in the action of some hormones, 
itis discussed in more detail in chapter 19, 


alnaptic Transmission 


ny Acetylcholine 


The postsynaptic membrane contains gated channels for Na* and Kt 
that open when a neurorransmuter, such as acetylcholine, binds to its 
receptor in the membrane. Opening of such chemically regulated gates 
can produce a depolarization, This depolarization, known as an 
excitatory postsynapuc potenual, serves as the stimulus for the 
production of action potentials m the postsynapuc cell. 


Acetylcholine (ACh) is used as a neurotransmitter by some 
neurons in the CNS, by somatic motor neurons at the neu- 
romuscular junction, and by certain autonomic nerve end- 
ings. The effects of this chemical are excitatory in the first 
two synapses and either excitatory or inhibitory in the 
third. In this section, we will consider only the excitatory 
effects of ACh. 
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FIGURE 14.20 


Chemically Regulated bates 


Axon terminals have synapuc vesicles that contain about 


10,000 molecules of ACh each. 
released, they quickly diffuse across the narrow synapuc cleft 
to the membrane of the postsynapuc cell. Here, they chem- 
built into the post- 


Once these molecules are 


ically bond to receptor proteins that are 


Seis oe “ins combine w 
synapuc membrane. These receptor proteins c mbine with 


ACh in a specific manner, analogous to the specific inter- 
action between transport proteins and their substrates. 

Acetylcholine ts not transported into the postsynap- 
tic cell after diffusing across the synaptic cleft. Instead, the 
bonding of ACh to its receptor protemn causes changes tn 
the membrane structure that result in the opening of ion 
channel gates for Na* and K*. These gates, located only in 
the postsynaptic membrane, are called chemically regulated 
gates hecause they open in response to bonding by a chem- 
ical (ACh). Unlike the voltage-regulated gates previously 
described in the axon, the chemically regulated gates do not 
respond to changes in membrane potential. 

Also in contrast to voltage-regulated gates, where the 
outward flow of K* occurs after the inward flow of Na’, 
chemically regulated gates permit the simultaneous diffu- 
sion of Na* and K* (fig. 14.20). The depolarizing effect of 
Na* diffusion predominates because the electrochemical gra- 
dient for Nav is greater than that for K*. The outflow of K’, 
however, does prevent the overshoot characteristic of ac- 
tion potentials—the membrane potential can reach 0 mV 
but cannot reverse polarity (as occurs in action potentials). 
Because of the characteristics of chemically regulated gates, 
neurotransmitters do not directly produce action potentials. 


(c) 


The binding of acetylcholine to receptor proteins causes the opening of chemically regulated 
gates in the postsynaptic membrane, as shown in (a) and (b). This results in the increased 


diffusion of Na* and K* through the membrane (c). 
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They can only produce depolarization, 
which may stimulate the opening of 
voltage-regulated gates and production 
of action potentials a short distance 
away trom the site of the synapse. 


fucitatory Postsynaptic 
Potential (EPSP) 


The interaction of ACh with its re- 
ceptors in the postsynaptic membrane 
opens chemically regulated gates and 
depolarizes that region of membrane. 
Depolarizations produced in response 
to ACh are known as excitatory 
postsynaptic potentials (EPSPs) 
when they occur in postsynaptic neu- 
rons, or as end plate potentials when 
they occur in skeletal muscle cells. 
These depolarizations do not over- 
shoot O mV for reasons previously 
discussed; moreover, they differ from 
action potentials in a number of 
other respects. 

Unlike action potentials, EPSPs 
have no threshold. A single quantum 
of ACh (released from a single synap- 
tic vesicle) produces a tiny depolar- 
ization of the postsynaptic membrane. 
When more quanta of ACh are released, the depolarization 
is correspondingly greater. EPSPs are therefore graded in 
magnitude, unlike all-or-none action potentials. Since 
EPSPs can be graded, they are capable of swommation; that is, 
the depolarizations of several ditferent EPSPs can be added 
together. This is quite different from action potentials, 
which are prevented from summating by their all-or-none 
nature and by the occurrence of refractory periods. A com- 
partson of the characteristics of EPSPs and action poten- 
tials is provided in table 14.3. 


Acetylcholinesterase = The bond between ACh and its fe 
ceptor protein exists for only a brief instant. The ACh- 
receptor complex quickly dissociates but can be quickly re- 
formed as long as free ACh is in the vicinity. In order for 
activity in the postsynapac cell co be controlled, tree ACh 
must be inactivated very soon alter it ts released. The inac- 
tivation of ACh is achieved by means of an enzyme called 
acetyicholinesterase (a-set T-ko “UT-nes té-ras), or AChE, 
; present on the postsynapuc membrane or immedi- 


which ts 
ately outside the membrane, with its active site facing the 


synaptic cleft (fig. 14.21 yi 
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Table 143 Comparison of action potentials with 
excitatory postsynaptic potentials (EPSPs) 


Action potential Excitatory postsynaptic 


potential 
Depolarization Acetylcholine (ACh) 


, 


Na* and K* gates open 


Na‘ gates open 


Opening of K* gates Loss of intracellular posit 


charges with time and ¢ 


Not conducted—regenerated 1-2 mm; a localized f 


over length of axon 
Yes No 


+40 mV Close to zero 


No summation—all-or-none 
phenomenon 


Summation of EPSPs, prod 
graded depolarizations 


in skeletal muscles. Since ACh 1s not degraded, it can 

continue to combine with receptor proteins and 

continue to stimulate the postsynaptic cell, leading to 
spastic paralysis. Clinically, cholinesterase inhibitors (such as 
neostigmine) are used to enhance the effects of ACh on 
muscle contraction when neuromuscular transmission 1s 
weak, asin the disease myasthenia gravis 


\ Nerve gas exerts its odious effects by inhibiting AChE 


Stimulation of Skeletal Muscles = The synapse of a motor 
axon with a skeletal muscle cell is known as a motor end 
plate. Release of ACh from the motor axon produces an 
end plate potential, which ts identical in nature to an EPSP 
IN a postsynaptic neuron. This depolarization opens 
volrage-regulated gates, and thus serves as the stimulus for 
the production of action potentials in the muscle fiber. 
This ts significant because electrical excitation of a muscle 
fiber, through mechanisms discussed in chapter 12, stiam- 
ulates muscle contraction. 


myasthenia: Gk myos, muscle. asthenia, weakness 
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FIGURE 14.21 
The release of acetylcholine (ACh) from the axon 
terminal of a presynaptic neuron and the binding 
of ACh to receptor proteins (R) in the postsynaptic 
membrane. Acetylcholine that combines with 
acetylcholinesterase (AChE) is hydrolyzed, and 
thus inactivated. 


If any stage in the process of neuromuscular transmis- 
sion is blocked, muscle weakness—sometimes leading to 
paralysis and death—may result. The drug curare (koo-rit‘re), 
for example, competes with ACh for attachment to the re- 
ceptor proteins and reduces the size of the end plate poten- 
tials (table 14.4). This drug was first used on potson darts 
by South American Indians because it produced tlaceid 
paralysts in their victims. Clinically, curare ty used as a mus- 
cle relaxant during anesthesia and to prevent muscle damage 
during electroconvulsive shock therapy. 


amit {/7 
yt ) M{/ 


Stimulation of Neurons Within the centr 


tem, the axon terminals of one neuron typically synapse with 
the dendrites or cell body of another. The dendrites and cell 
body thus serve as the receptive area of the neuron, and it ts 


al nervous sys- 


in these regions that receptor proteins for neurotransmit- 
ters and chemically regulated gates are located. The first 
voltage-regulated gates are located at the beginning of the 
axon, at the axon hillock. It is here that action potentials are 
first produced (fig. 14.22), 
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Table ThA : Drugs that affect the neural control of 
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Produced by Clostridium botulinum (bacteria) 
Resin from a South American tree 


Venom of Bungarus snakes 
Red tide (Gonyaulax) protozoa 
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FIGURE 14.22 

A diagram illustrating the 
functional specialization 
of different regions ina ’ 


“multipolar” neuron. 
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skeletal muscles 
Effect 


Inhibits release of acetylcholine (ACh) 
Prevents interaction of ACh with the postsynaptic receptor protein 

Binds to ACh-receptor proteins a 
Blocks voltage-regulated Na* channels 
Blocks voltage-regulated Na* channels 


cholin Sterase in postsynap 


2 


The cell body and dendrites of multipolar neu- 
rons lack voltage-regulated gates. The initial segment 
of the axon, which is the unmyelinated region around 
the axon hillock, on the other hand, has a high con- 
centration of volrage-regulated gates. Depolarizations 
in the dendrites and cell body must therefore spread 
by cable properties to the initial segment of the axon 
in order to stimulate action potentials. 

If the depolarization is at or above threshold 
by the time it reaches the initial segment of the 
axon, the EPSP will stimulate the production of ac- 
tion potentials, which can then regenerate them- 
selves along the axon. If, however, the EPSP is below 
threshold at the initial segment, no action poten- 
tials will be produced in the postsynaptic cell (fig. 
14.23). Gradations in the strength of the EPSP 
above threshold determine the frequency with which 
action potentials will be produced at the axon 
hillock and at each point in the axon where the im- 
pulse is conducted. 

Earlier in this chapter, we introduced the con- 
cept of action potentials by describing the events that 
occurred when a depolarization stimulus was artifi- 
cially produced by stumulating electrodes. Now you 
know that EPSPs, conducted trom the dendrites and 
cell body, serve as the normal stimul: for the produc- 
tion of action potentials in the axon hillock, and that 
the action potentials at this pont serve as the depo- 
larization stimuli for the next region, and so on. This 
chain of events ends at the axon terminal, where neu- 
rotransmuitter ty released. 
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Chapter Fourteen 


A variety of chemicals im the CNS function as neurotransmuters. 
Among these are ACh, dopamme, norepmephrme, and certam amino 
acids and polypepudes. A number of brain disorders are associated 
with particular neurotransmiutters. 


Acetylcholine is not only the neurotransmitter of somatic 
motor neurons and some autonomic neurons of the PNS, it 
is also an important neurotransmitter within the CNS. In 
addition to acetylcholine, a wide variety of other molecules 
serve as neurotransmitters in the CNS. 


fatecholamine Neurotransmitters 


Catecholamines (kat“t-kol @-ménz) constitute a group of 
regulatory molecules derived from the amino acid tyrosine. 
The catecholamines include dopamine, norepmephrine, and 
epinephrme. Dopamine and norepinephrine function as neu- 
rotransmitters; epinephrine and norepinephrine addition- 
ally serve as hormones secreted by the adrenal medulla. 
Together with a related molee ule called serotonin, the cate- 
cholamines are included ina larger category of molecules 


called monoamines. 


The graded nature of excitatory postsynaptic potentials is shown, in 
which stimuli of increasing strenath produce increasingly more 
depolarization. At a threshold level of depolarization, action potentials = » estecholamines.and serotonitvalter 


Like ACh, catecholamine neurotrans- 
mitters are released by exocytosis from presyn- 
aptic vesicles and diffuse across the synaptic 
cleft to interact with specific receptor proteins 
in the membrane of the postsynapuc cell. The 
stimulatory effects of these catecholamines, like 

those of ACh, are quickly inhibited. The inhi- 
bition of catecholamine action (fig. 14.24) is 
due to (1) reuptake of catecholamines into the 
axon terminals of presynaptic neurons, (2) en- 
zymatic degradation of catecholamines in the 
axon terminals of presynaptic neuron endings 
by monoamine oxidase (MAO), and (3) their en- 
zymatic degradation in the postsynaptic neuron 
by catecholamme O-methyltransferase (COMT). 
Drugs that inhibit MAO and COMT thus pro- 
mote the effects of catecholamine action. 


<a Monoamine oxidase (MAO) is an 
\ enzyme in the axon terminals of 
presynaptic neurons that breaks down 
, they have been taken up from the synaptic cleft. 
3 Drugs that act as MAO inhibitors thus increase 
transmission at these synapses and have been 
found to aid people suffering from clinical depression. This 
suggests that a deficiency in monoamine neural pathways 
may contribute to severe depression. An MAO inhibitor 
(Depreny!) has also been used to treat Parkinson's disease by 
promoting the activity of dopamine as a neurotransmitter. 
Drugs that inhibit MAO promote the activity of all of 
the monoamines, and thus can produce undesired side 
effects. A newer drug, fluoxetine hydrochloride (Prozac), 
specifically blocks the reuptake of serotonin into axon 
terminals of presynaptic neurons; thus, it specifically 
promotes serotonin action and has been found to be 
effective in the treatment of depression. 


Dopamine and Norepinephrine Neurons that use dopamine 
as a neurotransmitter and postsynaptic neurons with 
dopamine receptor proteins in their membranes can be iden- 
tified in postmortem brain tissue. Through the technique of 
positron emission tomography (PET), the location of dopamine 
receptor proteins has also been observed in the living brain. 
These investigations have been spurred by the great clinical 
interest in the effects of dopaminergic neurons (those that 
use dopamine as a neurotransmitter). 


“ Cocaine—a stimulant related to the amphetamines 
in its action—is currently widely abused in the 
United States. Although this drug produces 
feelings of euphona and social adroitness at first, 
continued use leads to social withdrawal, depression, and 
dependence upon ever-higher dosages to achieve the 
initial effects. Continued use also leads to serious organic 
disease that often results in death. The many effects of 
cocaine on the central nervous system appear to be 
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the axon terminal of a presynaptic neuron The transmitters combine with receptor proteins (R) in the 


postsynaptic me 


mediated by one primary mechanism: cocaine blocks the 
reuptake of the monoamines Into the presynaptic axon 
endings This results in overstimulation of those neural 
pathways that use dopamine and other monoamines as 


neurotransmitters. 
rere neurons are highly concentrated in 
g 


Dopamine 
“dark substance,” so- 


the substantia nigra (literally, the . 
ise re Contains melanin prgment) of the brain. 
ra send fibers to the 


bodies deep in the 


called becat 
Many neurons in the substantia nig 


hasal nucler. These large masses of cell 


yvolved in the coordination of skeletal 


cerebrum are u 


mbrane. (COMT = catecholamine O-methyltransferase; MAO = monoamine oxidase.) 


movements. Medical research findings strongly indicate 
that Parkinson's disease is caused by degeneration of the 
dopaminergic neurons in the substantia nigra, Parkinson's 
disease is a major Cause of neurological disability in people 
over the age of 60 and is associated with such symptoms as 
muscle tremors and rigidity, difficulty in imitating move- 
ment and speech, and other severe problems. Patients are 


Parkinson's disease from James Parkinson, English physician, 1755-1824 
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Chapter Fourteen 


treated with L-dopa to increase the production of dopamine 


in the brain, as described previously in this 


al 


J 


chapter. 


A side effect of L- 


dopa treatment in some patients with 
Parkinson's 


disease is the appearance of symptoms 


characteristic of schizophrenia. This effect is not 


surprising in view of the fact that the drugs used to 
treat schizophrenic patients (chlorpromazine and related 
compounds) act as specific ant igonists of dopamine receptors. 
As might be predicted from these observations schizophrenic 
panents treated with these drugs often develop symptoms of 
Parkinson's disease. It seems reasonable to suppose, from this 
vidence, that schizophrenia may be caused, at least in part, 
by overactivity of the dopaminergic pathways. 


Norepinephrine, like ACh, is used as a neurotrans- 
mitter in both the PNS and the CNS. Sympathetic neurons 
of the PNS use norepinephrine as a neurotransmitter at their 
synapse with smooth muscles, cardiac muscle, and glands. 
Some neurons in the CNS also appear to use norepineph- 
rine as a neurotransmitter; these neurons seem to be in- 
volved in general behavioral arousal. This would help to 
explain the effects of amphetamines, for example, which 
specifically stimulate pathways that use norepinephrine as 
a neurotransmitter. 


Amino Reid Neurotransmitters 


The amino acids glutamic acid and aspartic acid function 
as excitatory neurotransmitters in the CNS. Indeed, glu- 
tamic acid (or glutamate) 1s the major excitatory neuro- 
transmitter in the brain. Experiments using chemicals that 
differ slightly from glutamate but that mimic its actions have 
revealed different subcategories of glutamate receptors in 
brain neurons. One of these subcategories is named after the 
glutamate analogue NMDA (N-methyl-D-aspartate). The 
NMDA receptors for glutamate have been implicated in the 
physiology of memory and in certain types of seizures. 

The amino acid glycine is inhibitory; instead of de- 
polarizing the postsynaptic membrane and producing an 
EPSP, it hyperpolarizes the postsynaptic membrane. This 
hyperpolarization makes the membrane potential even 
more negative than it is at rest (changing the membrane 
potential from —65 mV to -85 mV, for example). Such hy- 
perpolarization is known as an inhibitory postsynaptic 
potential (IPSP), and will be discussed in more detail in 
the next section. 

The inhibitory effects of glycine are very important 
in the spinal cord, where they help in the control of skeletal 
movements. Flexion of the elhow joint, for example, in- 
volves stimulation of the biceps brachii muscle. The moror 
neurons that innervate this flexor muscle are stimulated in 
the spinal cord; the motor neurons that innervate the an- 
tagonistic extensor muscle (the triceps brachit muscle) 
are inhibited by IPSPs produced by glycine released from 
other neurons. The deadly effects of the poison strychnine 


iHustrate the importance of the inhibitory actions of 
glycine. Strychnine causes spastic paralysis by specifically 
blocking the glycine receptor proteins. Animals poisoned 
with strychnine die from asphyxiation due to their inability 
to relax the diaphragm muscle. 

The neurotransmitter GABA (gamma-aminobutyric 
acid) is a derivative of the amino acid glutamic acid. GABA 
is the most prevalent neurotransmitter in the brain; in fact, 
as many as one-third of all the neurons in the brain use 
GABA as a neurotransmitter. Like glycine, GABA is in- 
hibitory—it hyperpolarizes the postsynaptic membrane. 
Also, the effects of GABA, like those of glycine, are in- 
volved in motor control, For example, the large Purkinje cells 
of the cerebellum mediate the motor functions of the cere- 
bellum by producing IPSPs in their postsynaptic neurons. 
A deficiency in those neurons that release GABA as a neu- 
rotransmitter produces the uncontrolled movements seen 
in people with Huntington's chorea. 


Jl 


Benzodiazepines are drugs that act to increase 
the effectiveness of GABA in the brain and 
spinal cord. Since GABA inhibits the activity of 
spinal motor neurons, the intravenous infusion 
of benzodiazepines acts to inhibit the muscular spasms 
in status epilepticus and seizures resulting from drug 
overdose and poisons. Probably as a result of its general 
inhibitory effects on the brain, GABA also appears to 
function as a neurotransmitter involved in mood and 


emotion. Benzodiazepines such as Valium are therefore 
used as tranquilizers. 


Polypeptide Neurotransmitters 


Many polypeptides of various sizes are found in the brain 
and are believed to function as neurotransmitters. Inter- 
estingly, some of the polypeptides that function as hor- 
mones secreted by the small intestine and other endocrine 
glands are also produced in the brain and may function 
there as neurotransmitters (table 14.5). For example, chole- 
cystokinen (CCK) is secreted as a hormone from the small 
intestine and is released from neurons 
rotransmitter in the brain. Recent ev 
CCK, acting as a Neurotransmitter, may promote feelings 
of satiety in the brain following meals. 
tide found in many organs, substance P, 


and used as a neu- 
idence suggests that 


Another polypep- 
functions as a neu- 


rotransmitter of pathways in the brain that mediate 
sensation of pain. 


Synaptic Plasticity Although some of the polypeptides 
released from neurons may function as Neurotransmitter 
in the traditional sense—by simulating the opening of wnic 
gates and causing changes in the membrane porential— 
others may have more subtle effects that are poorly under: 
stood. Neuromodulators has been proposed as a name tor 
compounds with such alternative effects. An exciting re- 
cent discovery is that some neurons in both the PNS and 
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Table 14.5 Examples of chemicals that are either 
proven or supposed neurotransmitters 


Chemicals 


Acetylcholine 

Histamine 

Serotonin 

Dopamine 

Epinephrine 

Norepinephrine 

Aspartic acid 

GABA (gamma-aminobutyric acid) 
Glutamic acid 


Glycine 


Glucagon 

Insulin 

Somatostatin 

Substance P 

ACTH (adrenocorticotrophic hormone) 
Angiotensin II 

Endorphins 


CNS produce both a classical neurotransmitter (ACh or a 
catecholamine) and a polypeptide neurotransmitter. These 
are contained in different synaptic vesicles that can be dis- 
tinguished using the electron microscope. The neuron can 
thus release either the classical neurotransmitter or the 
polypeptide neurotransmitter under different conditions. 
Discoveries such as the one just described indicate that 
synapses have a greater capacity for alteration at the mole- 
cular level than was previously believed. This attribute has 
been termed synaptic plasticity. Synapses are also more plas- 
ar the cellular level. There is evidence that sprouting of 
axon branches can occur over short distances to pro- 


tic 
new 


duce att 
breakdown and reforming of synapses may occur within a 


e span of only a few hours. The physiological significance 


irnover of synapses, even in the mature CNS. This 


tim : 
of these interesting discoveries ts not yet fully understood. 


Endorphins The ability of opium and its analogues—that 
is, the opioids—to relieve pain (promote analgesia) hay been 
Morphine, tor example, has long been 
The discovery in 1973 of optoid re- 
rain suggested that the effects ot 


known for centurtes. 
used for this purpose. 
ceptor proteins in the b 
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these drugs might be due to the stimulation 
of specific neuron pathways. This implied 
that opioids (LSD, mescaline, and other 
mind altering drugs) might resemble neuro- 
transmitters produced by the brain. 

The analgesic effects of morphine are 
blocked in a specific manner by a drug called 
naloxone. In the same year that opioid re- 
ceptor proteins were discovered, it was found 
that naloxone also blocked the analgesic ef- 
fect of electrical brain stimulation. Subse- 
quently, evidence suggested that the 
analgesic effects of hypnosis and acupunc- 
ture could also be blocked by naloxone. 
These experiments indicated that the brain 
might be producing its own morphinelike 
analgesic compounds. These compounds 
have been identified as a family of chemi- 
cals called endorphins (for “endogenously 
produced morphinelike compounds”) pro- 
duced by the brain and pituitary gland. The 
endorphins include a group of 5-amino acid 
peptides called enkephalins (en-kef ‘a-limz), 
which may function as neurotransmitters, 
and a 31-amino acid polypeptide called B- 
endorphin, produced by the pituitary gland. 

Endorphins have been shown to block 
the transmission of pain. Current evidence 
for this effect includes findings from neuro- 
physiological studies—in which endorphins 
blocked the release of substance P (the chem- 
ical transmitter believed to he released by 
neurons that mediate painful sensations)—and from behav- 
ioral studies. The pain threshold of pregnant rats, for example, 
was found to decrease when they were treated with naloxone. 

Endorphins may also provide pleasant sensations and 
thus mediate reward or positive reinforcement. Overeating in 
genetically obese mice, for example, appears to be blocked 
by naloxone. It has also been found that blood levels of B- 
endorphin increase during exercise. Some people have sug- 
gested that the “jogger’s high” may thus be due to endorphins. 
(Naloxone, however, does not appear to block the jogger’s 
high.) Although evidence for this particular etfect is poor, 
endorphins might promote some type of psychic reward sys- 
tem as well as analgesia. 


Mitric Quide as a Neurotransmitter 


Nitric oxide (NO) is the first gas known to act as a regula- 
tor molecule in the body. Produced by nuric oxide synthetase 


in the cells of many organs from the amine acid L-arginine, 
nitric oONide’s actions are very different from those of the 
more familiar nitrous oxide (N2O), or laughing gas, some- 
times used by dentists. 


Functional Organization of the Nervous System 


Chapter Fourteen 


Nitric oxide has different roles in the body. Within last for hours or even weeks and 
blood vessels, it acts as a local tissue regulator that causes is called long-term potenti- 
the smooth muscles of those vessels to relax, so that the ation (LTP). Long-term sy 
blood vessels dilate. Within macrophages and other cells, potentiation may favor 


nitric oxide helps to kill bacteria. In addition, nitric oxide transmission along fre- aaa 

acts as a Neurotransmitter of certain neurons in both the quently used neural —_ 

PNS and CNS. It diffuses out of the Presynaptic axon and pathways, and thus may >< _@ Bang 
into neighboring cells by simply passing through the lipid represent a mechanism of / we, -- ty 


portion of the cell membranes. a3 t 
In the PNS, nitric oxide is released by some neurons teresting in this regard tl Pie 
that innervate the gastrointestinal tract, penis, respiratory that LTP has been ob- a ae 
passages, and cerebral blood vessels. These are autonomic served in the hippocampus eo fo 
neurons that cause smooth muscle relaxation in their target of the brain, which is an 
area implicated in memory 
the spongy tissue of the penis with blood. In fact, scientists storage (chapter 15). 
now believe that erection of the penis results from the ac- 


neural “learning.” [t is in- 


~ 


organs. This can produce, for example, the engorgement of 


Most of the neural path- 
ways in the hippocampus area 
of the brain use 


tion of nitric oxide released by specific parasympathetic 
1 
nerves. Nitric oxide ts also released as a neurotransmitter in 


the brain and has been implicated in the processes of learn- glutamate as their — presynaptic 
ing and memory. This will be discussed in more detail in a neurotransmitter. — fiber 
later section. There are two 


subclasses of glu- 
tamate receptors: 
NMDA (as previ- 
ously mentioned) 


mn 


ull 


antic Integration 


FIGURE 14.25 


The summation of a number of EPSPs may be needed to produce a A diagram illustrating the convergence of 
depolarization of sufficient magnitude to sumulate the postsynaptic large numbers of presynaptic fibers on the 
cell. The net effect of EPSPs on the postsynaptic neuron is reduced cell body of a spinal motor neuron. 


by hyperpolarization (IPSPs), which ts produced by inhibitory 
neurotransmitters. The activity of neurons within the central nervous 


ystem is thus the net re j excitatory and mhubitory effects. ; : 
system ts thus the net result of both excitatory and mhibuory effects Acianipateosial 


Since voltage-regulated Na* and K* gates are absent in den- +40 mv | 
drites and cell bodies, changes in membrane potential in- 
duced by neurotransmitters in these areas do not have the 


all-or-none characteristics of action potentials. Synaptic po- 


tentials are graded and can add together, or summate. Spa- 
Threshold 


tial summation occurs because many presynaptic axons _55mvV 
converge ona single postsynaptic neuron (fig. 14.25). In 
spatial summation, synaptic depolarizations (EPSPs) pro- 
duced at different synapses may summate in the postsynap- 65 mv 
tic dendrites and cell body. In temporal summation, the 


successive activity of a given presynaptic axon, Causing suc- 


cessive Waves of transmitter release, results in the summa- Release of neurotransmitter 
tion of EPSPs in the postsynaptic neuron. The summation of 
EPSPs helps to ensure that the depolarization that reaches 
the axon hillock will be sufficient to generate new action 
potentials in the postsynaptic neuron (fig. 14.26). 
When a presynaptic neuron is experimentally stimu- FIGURE 14.26 


1 
H 
Summation |} 
\ 
' 


: : . citato sic ( . , 

Pere ey beedencktter even a’ chaos apeme GSu fou Excita ory Pevignnarns potentials (EPSPs) can summate over 
distance (spatial summation) and ime (temporal summation). 

When summation results in a threshold level of depolarization at 


mu : the axon hillock, voltage-regulated Na‘ gates are opened and an 
ulated. The improved efficacy of synaptic transmission may action potential is produced 


seconds, the excitability of the synapse is enhanced—or 
potentiated—when this neuron pathway ts subsequently stim- 
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and non-NMDA. Binding of glutamate to NMDA receptors 
is not required for normal synaptic transmission. It is the 
binding of glutamate to non-NMDA receptors that produces 
the depolarization of the postsynaptic neuron required for 
the production of action potentials in this neuron. How- 
ever, when this depolarization occurs at the same time that 
other glutamate molecules bind to the NMDA receptors, 
channels for Ca** open in the postsynaptic membrane. The 
diffusion of Ca** into the postsynaptic neurons may induce 
LTP by making this neuron more sensitive to subsequent 
stimulation. 

The inward diffusion of Ca** also activates nitric oxide 
synthetase, causing the postsynaptic neuron to produce and 
release nitric oxide. The nitric oxide released from the post- 
synaptic neuron may then act as a “retrograde transmitter” 
and diffuse to the presynaptic neuron, where it could stim- 
ulate the release of more glutamate transmitter. In this way, 
synaptic transmission during LTP could be strengthened first 
postsynaptically and then presynaptically. It should be noted 
that, while much evidence supports the existence of a ret- 
rograde transmitter in LTP, the identity of nitric oxide as 
that transmitter is currently controversial. 


synaptic Inhibition 
Although most neurotransmitters depolarize the postsynap- 
tic membrane (produce EPSPs), some have the opposite 
effect. These inhibitory neurotransmitters cause hyper- 
polarization of the postsynaptic membrane; they make the 
inside of the membrane more negative than it is at rest. 
Since hyperpolarization (from -65 mV to -85 mV, for ex- 
ample) drives the membrane potential farther from the 
threshold depolarization required to stimulate action po- 
tentials, such hyperpolarization inhibits the activity of the 
postsynaptic neuron. Hyperpolarizations produced by neu- 
rotransmitters are therefore called inhibitory postsynaptic po- 
tentials (IPSPs). The inhibition produced in this way is called 
postsynaptic inhibition. 

Excitatory and inhibitory inputs (EPSPs and IPSPs) to 
a postsynaptic neuron can summate in an algebraic fashion 
(fig. 14.27). The effects of IPSPs in this way reduce, or may 
ate, the ability of EPSPs to generate action po- 
postsynaptic cell. Considering that the ner- 


even elimin 
tentials in the i. 
vous system contains approximately 10!* neurons and thar a 
given neuron may receive as many as 1000 presynaptic in- 


puts, it is apparent that there are tremendous possibilities 
a, 


for synaptic integration. 

The neurotransmitters GABA and glycine are exclu- 
sively inhibitory. They hyperpolarize central neurons by 
opening chloride gates. Asaresult, chloride ions diffuse into 
the neuron and make the membrane potential more negative 
on the inside. The phystological significance of these in- 
hibitory effects has already been discussed in the section on 


amino acid neurotransmitters. 


Although acetylcholine produces depolarization at the 
neuromuscular junction and stimulates skeletal muscle con- 
traction, ACh has the opposite effect —hyperpolarization— 
in the heart. This is because the combination of ACh with 
its receptor protein in the myocardial cells causes opening of 
only K* gates. The outward diffusion of K*, in turn, pro- 
duces hyperpolarization. The action of ACh in this way 
causes a slowing of the heart rate (discussed in chapter 21). 

In presynaptic inhibition (fig. 14.28), the amount of 
excitatory neurotransmitter released at an axon terminal is 
decreased by a second neuron, whose axon synapses with the 
axon of the first neuron (an axoaxonic synapse). The neuro- 
transmitter released at this axoaxonic synapse partially depo- 
larizes the axon of the first neuron, bringing it closer to 
threshold and making it easier to “fire” action potentials. The 
amplitude of these action potentials (subtracting the new 
lower potential from the +40-mV “top” of the action poten- 
tial), however, is lower than normal. The smaller action po- 
tentials that result cause the release of lesser amounts of 
excitatory neurotransmitter by the first neuron, so that its ef- 
fect on its postsynaptic cell is inhibited. 


Clinical Considerations 


The clinical aspects of the nervous system are extensive and 
usually complex. Numerous diseases and developmental 
problems directly involve the nervous system, and it is in- 
directly involved with most diseases because of the percep- 
tion of pain. In this section, we will consider only a few of 
the diseases involving developmental problems of the ner- 
vous system and clinical aspects of nerve conduction and 
synaptic transmission. Other clinical aspects of neurology 
will be discussed in later chapters. 


FIGURE 14.27 

An inhibitory postsynaptic potential (IPSP) makes the inside of the 
postsynaptic membrane more negative than the restng 
petential—it hyperpolarizes the membrane. Subsequent or 
simultaneous excitatory postsynaptic potentials (EPSPs), which 


required to generate action potentials at the axon hillock 


Functional Organization of the Nervous System 
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FIGURE 14.28 


A diagram illustrating postsynaptic and 


presynaptic inhibition. 


YY) 


Developmental Problems 


Congenital malformations of the CNS are common and 
frequently involve overlying bone, muscle, and connective 
tissue. The more severe abnormalities make life impossi- 
ble; those that are less severe frequently result in func- 
tional disability. 

Most congenital malformations of the nervous system 
occur during the sensitive embryonic period. Neurological 
malformations are generally caused by genetic abnormali- 
ties but also may result from environmental factors, such as 
anoxia, infectious agents, drugs, and ionizing radiation. 

Spina bifida ty a detective fusion of the vertebral ele- 
ments and may or may not involve the spinal cord. Spina bi- 
fida occulta Is the most common and least serious type of 
spina bifida. This detect usually involves few vertebrae, is 
not externally apparent except for perhaps a pigmented spot 
with a tuft of hair, and usually does not cause neurological 
disturbances. Spina bifida cystica, a severe type of spina bi- 
fida, is a sachke protrusion of skin and underlying meninges 
that may contain portions of the spinal cord and nerve roots. 


Spin vi 
lumbar, and sacral regions. The position 
defect determines the degree of neurological impairment, 


a bifida cystica is Most common In the lower thoracic, 
and extent of the 


Anencephaly (an“en-sefa-le) is a 

markedly defective development of the brain 

and the surrounding cranial bones. Anen- 

cephaly occurs in 1 per 1000 births and 

makes sustained extrauterine life im- 

possible. This congenital defect ap- 

parently results from the failure of 

the neural folds at the cranial por- 

tion of the neural plate to fuse and 

form the prosencephalon. Micro- 

cephaly is an uncommon condition 

in which brain development is not 

completed. If enough neurological tis- 

sue is present, the infant will survive 
but will be severely mentally retarded. 


Diseases of the Myeln sheath 


Multiple sclerosis (MS) is a relatively common neu- 
rological disease in people between the ages of 20 and 40. It 
is a chronic, degenerating, remitting, and relapsing disease 
that progressively destroys the myelin sheaths of neurons 
in multiple areas of the CNS. Initially, lesions form on the 
myelin sheaths and soon develop into hardened scleroses, 
or scars (hence the name). Destruction of the myelin 
sheaths prohibits the normal conduction of impulses, re- 
sulting in a progressive loss of functions. Because myelin 
degeneration is widely distributed, MS has a wider variety of 
symptoms than any other neurological disease. This char- 
acteristic, coupled with remissions, frequently causes mis- 
diagnosis of this disease. 

During the early stages of MS, many patients are con- 
sidered neurotic because the symptoms they report vary so 
widely and come and go quickly. As the disease progresses, 
the symptoms may include double vision (diplopia), spots 
in the visual field, blindness, tremor, numbness of the ap- 
pendages, and locomotor difficulty. Eventually the patient 
becomes bedridden, and death may occur anytime from 7 to 
30 years after the initial onset of symptoms. 

In Tay-Sachs disease, the myelin sheaths are destroyed 
by the excessive accumulation of one of the lipid compo- 
nents of the myelin. This results from an enzyme detect 
caused by the inheritance of genes carried by the parents 1n 
a recessive state. Tay-Sachy disease, which is inherited pri- 
marily hy individuals of Eastern European Jewish descent, 
appears before the infant is a year old. It causes blindness, 
loss of mental and motor ability, and ultimately death by 


multiple sclerosis L mu/tiplus, many parts; Gk skleros, hardened 
Tay-Sachs disease trom Warren Tay, English physician, 1843-1927, and Bernard 
Sachs, American neurologist, 1858-1944 
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the age of 3. Potential parents can tell if they are carriers 
for this condition by having a special blood test for the de- 
fective enzyme. 


Problems of Neuromuscular Transmission 


The muscle weakness associated with the disease myasthe- 
nia gravis results because ACh receptors are blocked by an- 
tibodies secreted by the immune system. Paralysis in people 
who eat shellfish poisoned with saxitoxin, produced by the 
unicellular organisms that cause the red tides, results from in- 
hibition of the chemically regulated Na‘ gates at the neu- 
romuscular junction. A similar inhibition and paralysis is 
produced by tetrodoxin, a poison found in the pufferfish. 


Alzheimer’s Disease Alzheimer's disease is the most com- 
mon cause of senile dementia, which often begins in mid- 
dle age and produces progressive mental deterioration. The 
cause of Alzheimer’s disease is not known, but there is evi- 
dence that it is associated with a loss of neurons that use 
acetylcholine as a neurotransmitter. These axons terminate 
in the hippocampus and cerebral cortex of the brain, which 
are areas concerned with memory storage. 


Alzheimer's disease: from Alois Alzheimer, German neurologist, 1864-1915 


Alzheimer’s is associated with a deficiency in the en- 
zyme responsible for producing acetylcholine from acetyl 
coenzyme A and choline. Treatment with different drugs 
that inhibit the activity of acetylcholinesterase has been 
reported to be fairly effective. By inhibiting this enzyme, 
the breakdown of ACh in synapses is reduced, so that the 
action of ACh 1s improved. 

Autopsies of people who have died of Alzheimer's dis- 
ease reveal “neuritic plaques” that are composed of degen- 
erating axons and deposits of amyloid protein. Similar 
plaques are seen in the brains of people with Down syn- 
drome, a genetic disease caused by an extra chromosome 
number 21. Recently, scientists have discovered that the 
gene that codes for the amyloid protein in people with 
Alzheimer’s disease is located in chromosome number 21, 
suggesting that Alzheimer’s may be caused by genetic de- 
fects located on this chromosome. 


Blood-Brain Barrier 


Substances that are more lipid-soluble can leave the blood 
and enter the brain much more readily than can more polar, 
water-soluble molecules. Injection of a hypertonic solution 
(of glucose, for example) has heen shown to reduce the 
blood-brain barrier and thus increase the ease with which 
molecules can enter the brain. Then, chemotherapeutic 
nerve drugs (for example, drugs that treat disorders such as 
brain tumors) can more effectively enter the brain. 


Chapter summary 


Neurons and Neuroglia (pp. 345-352) 


1. Every neuron contains a cell body, 
dendrites. and an axon 

2. On the basis of the number of processes 
extending from the cell body, neurons can 
be classified as pseudounipolar, bipolar, 
or multipolar 

3. Neurons in the PNS that conduct 
impulses into the CNS are sensory; those 
that conduct impulses out of the CNS are 
motor 

4. Motor neurons that innervate skeletal 
muscles are somatic; those that innervate 
the heart, smooth muscles, and glands 
are autonomic 

5 Neuroglia include Schwann cells 
(neurolemmocytes) and satellite cells in 
the PNS. in the CNS they include 
oligodendrocytes, microglia, astrocytes, 
and ependymal cells 
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In the PNS, Schwann cells surround 


axons to form a sheath of Schwann 


(neurolemmal sheath) that provides a 
continuous basement membrane 
around the axon. 

Many axons of the PNS have a myelin 
sheath, formed by successive 
wrappings of the Schwann cell 
membrane. 

In the CNS, myelin sheaths are formed 
by oligodendrocytes. 

The sheath of Schwann allows 
damaged peripheral axons to 
regenerate, the absence of a sheath of 
Schwann in the CNS hinders 
regeneration of central axons 
Astrocytes extend vascular processes 
that surround capillaries in the brain 
and help to develop the blood-brain 
barrier 


Action Potentials in Neurons 
(pp. 352-357) 


1 


The permeability of the axon membrane 
to Na* and K* 1s regulated by gates at the 
openings of ion channels. 

a. When the membrane is depolarized to 
a threshold level, the Na* gates open 
first, allowing Na* to flow into the 
axon by diffusion 

b. This ts followed quickly by the opening 
of K* gates, allowing K* to diffuse out 
of the axon 


. The opening of voltage-regulated gates 


and the resulting flow of ions produces an 

action potential 

a. The inward diffusion of Na* causes a 
reversal of the membrane potential 
from -65 mV to +40 mv 

b. The opening of K* gates and outward 
diffusion of K* causes the 
reestablishment of the resting 


Functional Organization of the Nervous System 


Interactions of the Nervous System 
with Other Body Systems 


integumentary System 

© Supports and protects peripheral receptors 

e Influences secretions from integumentary glands 
and contractions of arrector pili muscles 


Skeletal System 

© Supports and protects the brain and spinal cord 

© Stores calcium needed for neural function 

© Innervates bones and monitors movements within 


joints 


Muscular System 

© Generates body heat to maintain constant 
temperature for neural function 

© Proprioceptors transmit impulses from muscles 
to brain 

e innervates muscles for autonomic and voluntary 
muscle contractions 

e Monitors muscle activities 


Endocrine System 

© Hormones augment and sustain autonomic 
stimuli to body organs 

e innervates endocrine glands causing rapid, 
autonomic secretion of hormones 


S aiieeets cat, nutrients, and fluids to 
and from the brain and spinal cord 

© innervates the heart and biood vessels to modify 
heart rate and blood pressure 


Lymphatic System 

e Protects against infections within the brain and 
spinal cord 

e Innervates lymphoid organs 


Respiratory System 

© Provides 0, and eliminates CO, 

¢ Respiratory centers within brain stem control 
respiratory rates and depth of respiration 


Urinary System 

© Eliminates metabolic wastes 

° Regulates pH, body fluids, and electrolyte 
concentrations 

¢ Innervates organs of urinary system to control 
urination 

° Modifies renal blood pressure 


Digestive System 

* Provides nutrients for growth, maintenance, and 
repair of nervous system 

* Innervates digestive organs and autonomically 
regulates Gi tract movements and secretions 


Reproductive System 

© Gonads produce sex hormones that influence 
brain development and sexual behavior 

‘ neve reproductive organs to contro! sexual 
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membrane potential in a process 
called repolarization 


3. Action potentials are all-or-none events. 


a 


b. 


A depolarization stimulus that is lower 
than threshold has no effect. 

Any depolarization stimulus higher 
than a threshold level will cause an 
action potential of maximal amplitude. 
Stronger stimuli thus do not produce 
Stronger action potentials; rather, they 
Cause action potentials to be produced 
at a greater frequency (more per 
second). 


4. The axon membrane is in a refractory 
period while producing an action 
potential. 


a. 


While in the refractory period, the 
membrane cannot be stimulated 
(absolute refractory period) or can 
only be stimulated by a very large 
stimulus (relative refractory period). 
This prevents action potentials from 
being able to summate or interfere 
with each other. 


5. One action potential serves as the 
depolarization stimulus for production of 
the next action potential in the axon. 


a. 


In unmyelinated axons, action 
potentials are produced fractions of a 
micrometer apart. 

In myelinated axons, action potentials 
are produced only at the nodes of 
Ranvier; this saltatory conduction is 
faster than conduction in 
unmyelinated axons. 


The Synapse (pp. 358-360) 
1. Gap junctions are electrical synapses and 
are found in cardiac muscle, smooth 
muscle, and in some synapses in the CNS. 


2. In chemical synapses, neurotransmitters 
are packaged in synaptic vesicles and 
released into the synaptic cleft. 


Synaptic Transmission by Acetylcholine 
(pp. 360-364) 


1. The combination of ACh with its receptor 
protein in the postsynaptic membrane 


causes chemically regulated gates to open, 


which produces depolarizations known as 


excitatory postsynaptic potentials (EPSPs). 


a. Chemically regulated gates allow Na’ 


and K* to diffuse simultaneously, 
resulting in a graded depolarization 
with a maximum amplitude of 0 volts. 
The extent of the depolarization 
depends on the amount of transmitter 
released, EPSPs are therefore graded. 
EPSPs have no refractory period: they 
are therefore capable of summation. 
Unlike action potentials, EPSPs cannot 
be self-regenerated: they therefore 
decrease in amplitude with distance as 
they are conducted. 


2. ACh is inactivated by 
acetylcholinesterase; this acts to stop the 
stimulation. 

3. EPSPs produced at synapses in the 
dendrites or cell body travel to the axon 
hillock. 

a. Here, they stimulate the opening of 


voltage-regulated gates and generate 
action potentials in the axon. 
Summation of EPSPs, through both 
spatial and temporal summation, 
occurs at the axon hillock and 
influences the frequency of action 
potentials produced at the axon of the 
postsynaptic neuron. 


Neurotransmitters of the Central 
Nervous System (pp. 364-368) 
1. Catecholamine neurotransmitters include 
dopamine and norepinephrine 


a. 


b. 


These neurotransmitters act via second 
messengers, such as cyclic AMP. 

The catecholamine neurotransmitters 
are inactivated by the reuptake and 
degradation of the neurotransmitters 
by the action of monoamine oxidase. 


2. In addition to the classical 
neurotransmitters, neurons produce 
many other chemicals that are believed to 
have a neurotransmitter function. 


a. 


Proven neurotransmitters include 
glycine and GABA, which have 
inhibitory effects via the production of 
hyperpolarizations, or inhibitory 
postsynaptic potentials (IPSPs). 
Substances believed to act as 
neurotransmitters include the 
endorphins and many other 
polypeptides. 


Synaptic Integration (pp. 368-369) 


1. Spatial and temporal summation of 
EPSPs allows a sufficient depolarization 
to be produced to cause the stimulation 
of action potentials in the postsynaptic 
neuron. 

2. Neurotransmitters that cause 
hyperpolarization of the postsynaptic 
membrane produce inhibitory 
postsynaptic potentials (IPSPs). 


a. 


b. 


The production of IPSPs is called 
postsynaptic inhibition. 

IPSPs and EPSPs from different 
synaptic inputs can Summate. 
Presynaptic inhibition occurs in an 
axoaxOnic Synapse and reduces the 
amount of neurotransmitter released 
by the inhibited neuron. 


Review Activities 


Objective Questions 


1. The neuroglial cells that form myelin 
sheaths in the peripheral nervous system 


are 


a 
b. 


d. 
e. 


oligodendrocytes. 
satellite cells. 


_ Schwann cells. 


astrocytes 
microglia. 


2. Acollection of neuron cell bodies located 
outside the CNS is called 


D 
Cc 
d 


a tract 


. anerve 


a nucleus 
a ganglion 


3. Which of the following neurons are 
pseudounipolar? 


a. 


) 


sensory neurons 
somatic motor neurons 


C. neurons in the retina 


d. 


autonomic motor neurons 


4. Depolarization of an axon is produced by 


a. 
b. 
C. 


d 


inward diffusion of Na’. 

active extrusion of K*. 
outward diffusion of K*. 
inward active transport of Na’. 


5. Repolarization of an axon during an 
action potential is produced by 


a 


b 
c 
d 


inward diffusion of Nav. 

active extrusion of K*. 
outward diffusion of K*. 
inward active transport of Na>. 


6. As the strength of a depolarizing stimulus 
to an axon is increased, 


a. 


D. 


C. 


d. 


the amplitude of action potentials 
increases. 

the duration of action potentials 
increases. 

the speed with which action potentials 
are Conducted increases. 

the frequency with which action 
potentials are produced increases. 


7. The conduction of action potentials in a 
myelinated axon is 


a 


i) 
Cc. 
d. 


saltatory. 
without decrement. 


faster than in an unmyelinated fiber. 
all of the above. 
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Functional Organization of the Nervous System 


8. Which of the following is nota 
characteristic of synaptic potentials? 


a, 
b. 


Cc. 


d. 
e: 


They are all-or-none in amplitude. 
They decrease in amplitude with 
distance. 

They are produced in dendrites and 
cell bodies. 

They are graded in amplitude. 
They are produced by chemically 
regulated gates. 


9. Which of the following is nota 
characteristic of action potentials? 


a. 


b. 


C. 


d. 


They are produced by voltage- 
regulated gates. 

They are conducted without 
decrement. 

Na’ and K* gates open at the same 
time. 

The membrane potential reverses 
polarity during depolarization. 


10. A drug that inactivates 
acetylcholinesterase 


3 a. 
o 
5 
3 b. 
to 
-_ 
= C; 
Q 
z 
oO d. 


inhibits the release of ACh from 
presynaptic endings. 

inhibits the attachment of ACh to its 
receptor protein. 

increases the ability of ACh to 
Stimulate muscle contraction. 

all of the above apply. 


12. 


. Postsynaptic inhibition is produced by 


a. depolarization of the postsynaptic 
membrane. 

b. hyperpolarization of the postsynaptic 
membrane 

C. axOaxonic synapses. 

d. post-tetanic potentiation. 

Hyperpolarization of the postsynaptic 

membrane in response to glycine or 

GABA is produced by the opening of 

a. Na* gates. 

b. K* gates. 

c. Cat? gates. 

d. Cl gates. 

The absolute refractory period of a 

neuron 

a. is due to the high negative polarity of 
the inside of the neuron. 

b. occurs only during the repolarization 
phase. 

C. occurs only during the depolarization 
phase. 

d. occurs during depolarization and the 
first part of the repolarization phase. 


14. The summation of EPSPs from many 


presynaptic axons converging onto one 
postsynaptic neuron is called 

a. spatial summation. 

b. long-term potentiation. 

c. temporal summation. 

d. synaptic plasticity. 


Essay Questions 


1. 


Compare the characteristics of action 
potentials with those of synaptic 
potentials. 

Explain how voltage-regulated gates 
produce an all-or-none action potential. 
Explain how action potentials are 
regenerated along an axon. 

Explain why conduction in a myelinated 
axon is faster than in an unmyelinated 
axon. 

Trace the course of events between the 
production of an EPSP and the generation 
of action potentials at the axon hillock. 
Describe the effect of spatial and 
temporal Summation on this process. 
Explain how an IPSP is produced and how 
IPSPs can inhibit activity of the 
postsynaptic neuron. 
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Characteristics of the Central 
Nervous System, 376 


Development of the Brain 


Cerebrum 380 


Structure of the Cerebrum 
Lobes of the Cerebrum 

White Matter of the Cerebrum 
Basal Nuclei 

Language 

Memory 


Diencephalon 390 


Thalamus 
Hypothalamus 
Epithalamus 
Pituitary Gland 


Mesencephalon_ 39n 
Metencephalon 39 


Pons 
Cerebellum 


PERE REESE cece cdeeercccceeeee es eeE eee teseeeseeereeeseeeee 


7 objecti yes Oe ee 


© Describe the general characteristics of the brain and 
spinal cord. 

© Discuss the basic metabolic cnet ita. 

© Describe the structure of the cerebrum and ist the 
functions of the cerebral lobes. 

© Define the term e/ectroencephalogram and discuss its 
clinical importance. 

© Describe the locations of the language centers and 
compare short-term and long-term memory. 

© List the autonomic functions of the thalamus and the 


List the structures of the mesencephalon and describe 
their function. 


eli intecdiin and structure of the pituitary gland. 


MMyelencephalon 394 


Medulla Oblongata 
Reticular Formation 


Meninges of the Central flervous 
aystem 996 


Dura Mater 
Arachnoid Mater 
Pia Mater 


Ventricles and Cerebrospinal Fluid 398 


Ventricles of the Brain 
Cerebrospinal Fluid 


opinal Cord 40] 


Structure of the Spinal Cord 
Spinal Cord Tracts 
Development of the Spinal Cord 


Clinical Considerations 407 


Neurological Assessment and Drugs 

Injuries 

Disorders of the Nervous System 
Degenerative Diseases of the Nervous System 


Chapter Summary 413 
Review Activities 414 


¢ Describe the location and structure of the pons and 
cerebellum and list their functions. 


e Describe the location and structure of the medulla 
oblongata and list its functions. 


¢ Define the term reticular formation and explain its 
function. 


* Describe the position of the meninges as they protect 
thecNns. 


© Describe the locations of the ventricles of the brain. 


Discuss the formation, function, and flow of 
cerebrospinal fluid. 


Describe the structure of the spinal cord. 


Describe the arrangement of ascending and 
descending tracts. 
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Chapter Fifteen 


Characteristics of the Central 


llervous oystem 


The central nervous system, composed of gray and white matter, is 
covered with meninges and is hathed n cerebrospinal fluid. The 
tremendous metabolic rate of the bran requires a continuous flow of blood 
amounting to approximately 20% of the total resting cardiac Output, 


The central nervous system (CNS) consists of the brain and 
spinal cord. The entire delicate CNS is protected by a bony 
encasement—the cranium surrounding the brain (fig. 15.1) 
and the vertebral column surrounding the spinal cord. The 
meninges (mé-nin jéz) form a protective membrane between 
the bone and the soft tissue of the CNS. The CNS is bathed 
in cerebrospinal (ser “é-bro-spi‘nal) fluid that circulates 
within the hollow ventricles of the brain, the central canal 
of the spinal cord, and the subarachnoid (sub “a-rak ‘noid) 
space surrounding the entire CNS. 

The CNS is composed of gray and white matter. Gray 
matter consists of either nerve cell bodies and dendrites or 
bundles of unmyelinated axons and neuroglia. The gray mat- 
ter of the brain exists as the outer convoluted cortex layer of 
the cerebrum and cerebellum. In addition, specialized gray 
matter clusters of nerve cells called nuclei are found deep 
within the white matter. White matter forms the tracts 
within the CNS and consists of aggregations of myelinated 
axons and associated neuroglia. 

The brain of an adult weighs nearly 1.5 kg (3-3.5 Ib) 
and is composed of an estimated 100 billion neurons. Neu- 
rons communicate with one another by means of innumer- 
able synapses between the axons and dendrites within the 
brain. Neurotransmission within the brain is regulated by 
many different neurotransmitter chemicals (chapter 14) that 
are found in specific brain regions and tracts. 

The brain has a tremendous metabolic rate and needs 
a continuous supply of oxygen and nutrients. The brain ac- 
counts for only 2% of a person's body weight, and yet it re- 
ceives approximately 20% of the total resting cardiac output. 
This amounts to a flow of about 750 ml of blood per minute. 
The volume remains relatively constant even during physi- 
cal or mental activity. This continuous flow is so crucial that 
a failure of cerebral circulation for as short an interval as 10 
seconds causes unconsciousness. The brain is composed of 
perhaps the most sensitive tissue of the body. Due to its high 
metabolic rate, not only does the brain require continuous 
oxygen, but it also requires a continuous nutrient supply and 
rapid removal of wastes. The brain is also very sensitive to 
toxins and drugs. The cerebrospinal fluid aids the metabolic 
needs of the brain through the distribution of nutrients and 
the removal of wastes. Cerebrospinal fluid also maintains a 


Brain 
within 
cranium 


Brain stem 


Foramen 
magnum ' 


) | 
é Cervical 


enlargement 


within 
vertebral '| 
canal 


Spinal cord F ! 
| 


Lumbar 
enlargement 


Body of Conus medullaris 


first lumbar i 
vertebra 


-— Filum 
| terminale 


(b) 


FIGURE 15.1 

The central nervous system consists of the brain and the spinal 
cord, both of which are covered with meninges and bathed in 
cerebrospinal fluid. (a) A sagittal section showing the brain 
within the cranium of the skull and the spinal cord within the 
vertebral canal. (b) The spinal cord, shown in a posterior view, 


extends from the level of the foramen magnum to the first lumbar 
vertebra (L1). 


protective homeostatic environment within the brain. The 
blood-brain barrier (chapter 14) and the secretory activites 
of neural tissue also help to maintain homeostasis. The brain 
has an extensive vascular supply through the paired internal 
carotid and vertebral arteries that unite at the cerebral ar- 
terial circle (circle of Willis) (see chapter 21 and fig. 21.21). 


The brain of a newborn is especially sensitive to 
oxygen deprivation or to excessive oxygen. If 
y complications arise during childbirth and the oxygen 
supply from the mother's blood to the baby is 
interrupted while it is still in the birth canal, the infant may be 
stillborn or suffer brain damage that can result in cerebral 
palsy, epilepsy, paralysis, or mental] retardation. Excessive 
oxygen administered to a newborn may cause blindness. 


Downloaded from Durr-e-Danish Library 


Table 1] Derivation and functions of the major brain structures 


Region Structure Function 
Prosencephalon Telencephalon Cerebrum Control of most sensory and motor activities, reasoning, 
(forebrain) memory, intelligence, etc.; instinctual and limbic 
functions 
Diencephalon Thalamus Relay center: all impulses (except olfactory) going into 


cerebrum synapse here; some sensory interpretation; 
initial autonomic response to pain 
Hypothalamus Regulation of renal water flow, body temperature, 


hunger, heartbeat, etc.; contro! of secretory activity in 
anterior pituitary gland; instinctual and limbic functions — 


Pituitary gland Regulation of other endocrine glands 
_ Mesencephalon Mesencephalon Superior colliculi Visual reflexes (hand-eye coordination) 
_ (midbrain) 
Inferior colliculi Auditory reflexes 
i Cerebral peduncles Reflex coordination; contain many motor fibers A § 
Rhombencephalon — Metencephalon Cerebellum Balance and motor coordination rd 
_ (hindbrain) —C 
rn i un 
Jay Pons Relay center; contains nuclei (pontine nuclei) i 8 
wet. Myelencephalon Medulla oblongata Relay center; contains many nuclei; visceral auto I cc 
aa me 
4 center (e.g, respiration, heart rate, vasoc = 
= 
ov 
6) 


Measurable increases in regional blood flow within the 
brain and in glucose and oxygen metabolism accompany 
mental functions, including perception and emotion. These 
metabolic changes can be assessed through the use of positron 
emission tomography (PET). The technique of a PET scan 
(fiz. 15.2) is based on injecting radioactive tracer molecules 
labeled with carbon-11, fluorine-18, and oxygen-15 into the 
bloodstream and photographing the gamma rays that are 
emitted from the subject's brain through the skull. PET scans 
are of value in studying neurotransmitters and neurorecep- 
tors, as well as the substrate metabolism of the brain. 

The development of the five basic regions of the 
telencephalon, diencephalon, mesencephalon, met- 


brain— 


encephalon, and myelencephalon—ts discussed in the 


boxed developmental material on pages 378 and 379. The 


distinct functional structures that are formed from these re- 


eions (table 15.1) will be considered in greater derail in the 
following sections 


y vee atl th ni . “as he ; re ipable of producing 
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AY) Deve opment of the Brain | 


: The first indication of eventually gives rise to all of the neurons along the lateral margins of the neural 
: nervous lissue and to most of neuroglial cells, which plate, which become the thickened 
development occurs about 17 days are the supporting cells of the nervous neural folds. The neural groove 
following conception, when a thickening system. As development progresses, the continues to deepen as the neural folds 
appears along the entire darsal length of midline of the neural plate invaginates to elevate. By day 20, the neural folds have 
the embryo. This thickening, called the become the neural groove. At the same met and fused al the midline and the 
neural plate (lig. 1), differentiates and lime, there is a proliferation of cells neural groove has become a neural tube. 


Neural plate 


Neural crest 
ab Neural plate 
Neural groove 


Surface 
ectoderm 


Notochordal plate Mesod 
esoderm 


Wall of 
yolk sac 


Notochordal 
plate 


Neural groove 


Notochord 


Cranial neuropore 
Neural canal 


Neural tube 


Caudal neuropore Notochord 


Neural crest 


Neural groove Neural groove 


Neural crest Notochord 
Wall of 
Waldrop yolk sac 
FIGURE 1 
Tho early development ot the nervous system from and caudal neuropores and the positions of three 
embryonic ectoderm. (a) A dorsal view of an 18-day-old transverse cuts indicated in (b,b4). (Note the amount at 
embryo showing the formation of the neural plate and fusion of the neural tube at the various levels of the 22- 
the position ol a transverse cut indicated in {a)). (b) A day-old embryo. Note also the relationship of the 
dorsal view of a 22: day-old embryo showing cramal notochord to the neural tube.) 


78) 
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For a short time, the neural tube is open 
both cranially and caudally. These 
openings, called neuropores, close 
during the tourth week. Once formed, 
the neural tube separates trom the 


surface ectoderm and eventually 
develops into the central nervous system 
(brain and spinal cord). The neural crest 
forms trom the neural folds as they fuse 
longitudinally along the dorsal midline. 
Most of the peripheral nervous system 
(cranial and spinal nerves) forms from 
the neural crest. Some neural crest cells 
break away from the main tissue mass 


Three primary vesicles 
Wall Cavity 


Prosencephalon 
(forebrain) 


Mesencephalon 


(midbrain) 


Rhombencephalon 
(hindbrain) 


FIGURE 2 


The dev 


and migrate to other locations, where 
they differentiate into motor nerve cells 
of the sympathetic nervous system or 
into Schwann cells (neurolemmocytes), 
which are a type of neuroglial cell 
important in the peripheral nervous 
system). 

The brain begins its embryonic 
development as the cephalic end of the 
neural tube starts to grow rapidly and to 
differentiate (fig. 2). By the middle of the 
fourth week, three distinct swellings are 
evident: the prosencephalon 
(pros “en-sef’a-lon) (forebrain), the 


Five secondary vesicles 


Telencephaton 


Diencephalon 
Mesencephalon 
Metencephalon 


Myelencephalon 


Spinal cord 


-alopmeantal sequence of the brain. During the fourth 


week, the three principal regions of the brain are formed. 
During the filth week, a live regioned brain develops and 


specific structures begin to torm. 


mesencephalon (midbrain), and the 
rhombencephalon (hindbrain). Further 
development during the fifth week 
results in the formation of five specific 
regions: The telencephalon and the 
diencephalon (di en-sef a-/on) derive 
from the forebrain, the mesencephalon 
remains unchanged, and the 
metencephalon and myelencephalon 
form from the hindbrain. The caudal 
portion of the myelencephalon is 
continuous with and resembles the 
spinal cord. 


Adult derivatives of 
Walls Cavities 
Cerebral Lateral 
hemisphere ventricles 
Thalamus Third 
Hypothalamus ventricle 
Midbrain Aqueduct 
Pons Upper 
portion 
r of fourth 
Cerebellum 7 a 
Medulla Lower 
oblongata portion 
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Chapter Fifteen 


adult lite. Recent studies, h ver, show that such 
are unfounded. These studies indicate that rel ively 


| He a at 
sells are lost during the normal aging process 


| 
| ceptible to 
JS or interruptions of vascula 
Y aes or other cardiovascular diseases 
evidence that aging al 
related conditions such as der 


sed by 


diseases 


such as Alzheimer's ais 


caused by « 
Che Inges 


in imbalance 
in sleeping patterns 
ple als ) probably result from neurotre ansmitter 


of neurotransmitter chemicals 
in elderly peo 
problems 


Cerelrum 


The cerebrum, consisting of five paired lobes with two convoluted 
hemispheres, ts concemed with higher brain fimcuons, such as the 


perception of sensory impulses, the mstugattion of voluntary movement, the 
storage of memory, thought processes, and reasoning abiliy. The cerebrion 


is also concerned with msunctual and limbic (emotional) functions. 


structure of the Cerebrum 


The cerebrum (ser @-brum) located in the region of the tel- 
encephalon, is the largest and most obvious portion of the 


brain (fig. 15.3). It accounts for about 80% of the mass of 


Central 
sulcus 


Lateral 
sulcus 


Temporal 
lobe 


Frontal 
lobe 


Pons 


(a) 


FIGORE 15. 3 


The brain. (a) A lateral view, (b) an infenor view, (c) a sagitta 


(MRI) of ti 


the brain and is responsible for the higher mental functions. 
including memory and reason. The cerebrum consists of the 

right and left hemispheres, which are incompletely sepa- 
rated by a longitudinal cerebral fissure (fig. 15.4). Portions 
of the nwo hemispheres are connected internally by the cor- 
pus callosum (ca-lo’sum), a large tract ot white matter (see 
fig. 15.3c). A portion of the meninges, called the falx (falks) 
cerebri extends into the longitudinal fissure. Each cerebral 
hemisphere contains a central cavity called the lateral ven- 
tricle (fig. 15.5), which is lined with ependymal cells and 


filled with cerebrospinal fluid. 


iifferent 

functions. In most people, the left hemisphere controls 
analytical and verbal s skills, sl 
and mathematics. The right hemi 


a The two cerebral hemispheres carry out d 


ch as reading, writing 
sphere 1s the source 


gence. The cc 
+ 


petween the 


of spatial and artistic kinds of intelli 
callosum integrates attention and « 
} pheres and permits a sharing of learning and 


two hem. 
Severing thec 


orpus 


wareness 


orpus callosum is a radical treatment 
to control severe epileptic seizures. Although this surgery has 
proven successful, it results in the cerebral hemispheres 
functioning as separate structures, each with its own 
memories and thoughts, competing for control. A more recent 


and effective technique of controlling epileptic seizures is a 


memory 


precise laser treatment of the corpus callosum 


POMS R HH HER eee eee HEE EE EEE eEEEEEEEES 


cerebrum: L. cerebrum, brain 


Parietal 
lobe 


Occipital 
lobe 


Cerebellum 


Medulla 
oblongata 


magnetic resonance Image 
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Optic 


nerve 


Pituitary 
Internal gland 
Carotid artery Temporal lobe 
Pons 

Basilar arter 
Abducens nerve oe , 


Vertebral arteries 
Trige minal nerve 


Medulla 
oblongata 


Cerebellum 


Facial nerve 
Vestibulocochlear 
nerve 

Dura mater 


Spinal 
cord 


(b) 


Parietal lobe 


Splenium of 


corpus Callosum 


Occipital lobe 
Body of 


Dus callosum 


Choroid plexus 


Collicul of 


Intermediate mass midbrair 
Genu of corpus 
losur Mes pha 
Fr al lot aqued 
Opt Fo ) e 
Por ebellu 
Terns lot 
Med 4 
blongata 
S 4 
(c) 


FIGURE 15.3 
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FIGURE 15.3 
Continued. 
Cerebrum 


Corpus 
callosum 


Cerebellum 


Ventricle __— Pons 


Medulla 
oblongata 


(d) 
FIGURE 15.4 Central 
The cerebrum. (a) A lateral Postcentral sulcus Precentral gyrus 
view and (b) a superior gyrus lan 
view ———S peeene a? ' |-Convolutions 
view. Parietal % = Cerebral! sulci 
a 


lobe 
Frontal lobe 


Lateral sulcus 


Parieto- 
occipital 
fissure 
Occipital 
lobe 
Temporal lobe 
Transverse 
fissure Frontal poles 
Cerebellar Cerebral 
hemisphere gyrus 
(a) 
Cerebral! 
sulcus 


Central sulcus 


Longitudina 
cerebral fissure 


Parietal lobe 


(D) Occipital poles 


® 
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Longitudinal cerebral fissure 


Corpus callosum 


Caudate nucleus 


Basal nuclei Claustrum 


Lentiform 
nucleus 


Pallidus 


Head of caudate nucleus 


Claustrum 


Putamen 


Basal nucle! 


Lentiform 


nucleus Globus 


pallidus 


Tail of caudate nucleus 


Cerebral cortex 


FIGURE 15.5 

Sections through the cerebrum and 
diencephalon. (a) A coronal section and 
(b) a transverse section 


The cerebrum consists of two layers. The surface layer, 
referred to as the cerebral cortex, is composed of gray mat- 
ter that 1s 2-4 mm (0.08-0.16 in.) thick (fig. 15.5). Beneath 
the cerebral cortex is the thick white matter of the cere- 


brum, W hich constitutes the second layer. The cerebral cor- 


tex is characterized by numerous folds and grooves called 


convolutions. Convolutions form during early fetal devel- 


opment, when brain size increases rapidly and the cortex 


enlarges out of proportion to the underlying white matcer. 


. 
SSASHKaSSCODERRESDSTESSCCAEsECCe8OF 


gyrus. Gk. gyros. circle 
sulcus L sulcus, a furrow or ditch 


Cerebral cortex 


White matter 
of cerebrum 


Lateral ventricle 


Insula 


Third 
ventricle 


Anterior horn of 
lateral ventricle 


Central Nervous System 


Insula 


Tnalamus 


Inferior horn of 
lateral ventricle 


Sims/Scnenk 


The elevated folds of the convolutions are the cerebral gyri 
(singular, gyrus), and the depressed grooves are the cerebral 
sulci (sul ‘si) (singular, sulcus). The convolutions greatly in- 
crease the area of the gray matter, which is composed of neu- 
ron cell bodies. 


Recent! studies indicate that with increased learning 
there 1s an increase in the number of synapses 
y between neurons within the cerebrum Although the 
number of neurons is established during prenatal 
development, the number of synapses is variable depending 
upon the learning process. The number of cyte plasmic ; 
extensions from the cell body of a neuron determines the extent 
of nerve tmpulse conduction and the associations that can be 


made to cerebral] areas already ce Maining stored information 
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memory of visual and auditory patterns 


FIGURE 15.6 a 
The lobes of the left cerebral 
hemisphere showing the 

principal motor and sensory 
areas of the cerebral cortex. 
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lobes of the Cerebrum 


Each cerebral hemisphere is subdivided into five lobes by 
especially deep sulci. Four of these lobes appear on the sur- 
face of the cerebrum and are named according to the over- 
lying cranial bones (fig. 15.6). The reasons for the separate 
cerebral lobes, ay well as two cerebral hemispheres, have to 
do with specificity of function (table 15.2). 


Frontal Lobe) = The frontal lobe forms the anterior portion 
of each cerebral hemisphere (fig. 15.6). A prominent, deep 
furrow called the central sulcus (fissure of Rolando) sepa- 
rates the frontal lobe from the parietal lobe. The central sul- 
cus extends at right angles from the longitudinal fissure to 
the lateral sulcus. The lateral sulcus (fissure of Sylvius) ex- 
tends laterally from the inferior surface of the cerebrum to 
separate the frontal and temporal lobes. The precentral 
gyrus (sce figs. 15.4 and 15.6), an important motor area, is 
positioned immediately in front of the central sulcus. Frontal 
lobe functions include imitiating voluntary motor impulses 
for the movement of skeletal muscles, analyzing sensory ex- 
periences, and providing responses relating to personality. 
The trontal lobes also mediate responses related to memory, 
emotions, reasoning, judgment, planning, and verbal com- 


munteathon. 


ob ecccees een Sneeneseousoenseeoeceewe 
fissure of Rolando trom Luigi Rolando, Italian anatomist, 1773-1831 
fissure of Sylvius: from Franciscus Sylvius de la Boe, Dutch anatomist, 1614-72 


“Tablet 


Central sulcus 


Sensory areas involved with 
cutaneous and other senses 


Parietal lobe 


General interpretative 
area 


Occipital lobe 


Combining 

visual images, 
visual recognition 
of objects 


Cerebellum 


Brain stem 


a _ . ep Se ET — —— _ 


Functions of the cerebral 
lobes oA ek 


Parietal Lobe = The parietal lobe is posterior to the central 
sulcus of the frontal lobe. An IMportant sensory area called 
the posteentral gyrus (see fig. 15.4) is positioned immedi 
ately behind the central sulcus. The postcentral gyrus is des- 
ignated as a somatesthetic area because it responds to suumull 
from cutaneous and muscular rec eptors throughout the body 
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FIGURE 15.7 


cerebral 
fissure 


Sensory area 


4) Tongue 
and pharyn« 


sulcus mane 


Motor and sensory areas of the cerebral cortex. Motor areas control skeletal muscles and sensory areas receive 


somatesthetic sensations. 


The size of the portions of the precentral gyrus re- 


sponsible for motor movement and the size of the portions of 


the postcentral gy ) 
e size of the part of the body being served 


rus that respond to sensory stimuli do not 


correspond to th 


but rather to the ne 
ptors (fg. 15.7). For example, because the 


imber of motor units activated or the 


density of rece 
hand has many mot 
portions of the precent 


or units and sensory receptors, larger 
ral and postcentral gyrt serve it than 
serve the thorax, even though the thorax is much larger. 
In addition to responding to somatesthetic stimuli, the 
parietal lobe tunctions 
bal articulation of thoug 
also interprets the textur 


handled. 


i speech comprehension and in ver- 
hts and emotions. The parietal lobe 
es and shapes of objects as they are 
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Temporal Lobe = The temporal lobe is located below the 
parietal lobe and the posterior portion of the frontal lobe. 
It is separated from both by the lateral sulcus (see fig. 15.6). 
The temporal lobe contains auditory centers that receive 
sensory neurons from the cochlea of the ear. This lobe also 
interprets some sensory experiences and stores memories of 
both auditory and visual experiences. 


Occipital Lobe = The occipital lobe forms the posterior por- 
tion of the cerebrum and is not distinctly separated from the 
temporal and parietal lobes (see fig. 15.6). The occipital 
lobe is superior to the cerebellum and ts separated from it 
by an infolding of the meningeal layer called the tentorium 
cerebelli. The principal tunctions of the occipital lobe 


Central Nervous System 
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concern vision. The occipital lobe integrates eye move- 
ments by directing and focusing the eye. It is also respon- 
sible tor visual association, correlating visual images with 
previous visual experiences and other sensory stimuli. 


Insula) The insula is a deep lobe of the cerebrum that 
cannot be viewed on the surtace (see fiz. 15.5), It is deep to 
the lateral sulcus and is covered by portions of the frontal, 
parietal, and temporal lobes. Little is known of the function 
of the insula, though it primarily integrates other cerebral 
activities and may have some function in memory. 


Because of its size and position, portions of the 
cerebrum frequently suffer brain trauma. A 
concussion to the brain may cause a temporary 
or permanent impairment of cerebral functions; a 
stroke usually affects cerebral function. Much of whats 
known about cerebral function comes from observing 
body dysfunctions when specific regions of the cerebrum 
are traumatized. 


Brain Waves Neurons within the cerebral cortex contin- 
uously generate electrical activity, which can be recorded 
by electrodes attached to precise locations on the scalp, pro- 
ducing an electroencephalogram (EEG). An EEG pattern, 
commonly called brain waves, is the collective expression 
of millions of action potentials from neurons. 

Brain waves are first emitted trom a developing brain 
during early fetal development and continue throughout a 
person's life. The cessation of brain-wave patterns may be a 
decisive factor in the legal determination of death. 

Certain distinct EEG patterns signify healthy mental 
functions. Deviations from these patterns are of clinical sig- 
nificance in diagnosing trauma, mental depression, 
hematomas, and various diseases, such as tumors, infections, 
and epilepsy. Normally, there are four kinds of EEG patterns 


(fig. 15.8). 


l Alpha waves are best recorded from the parietal and occipital 
regions while a person is awake and relaxed but with the eyes 
closed. These waves are rhythmic ose illations of about 10-12 
cycles/second. The alpha rhythm of a child under the age of 8 


occurs ata slightly lower frequency of 4-7 cycles/second. 


2 Beta waves are strongest from the frontal lobes, especially the 
area near the precentral gyrus. These waves are sensory evoked 
and respond to visual and mental activity, Because they respond to 
stimuli from receptors and are superimposed on the continuous 
activity patterns of the alpha waves, they constitute cvoked 


acuvity. The frequency of beta waves ty | 3-25 cycles/second 


insula’ L. insula, island 


(a) 
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FIGURE 15.8 


Brain waves. (a) A technician using an electroencephalograph to 
take the EEG of a patient. (b) Types of EEG waves. 
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FIGURE 15.9 


Types of fiber tracts within the white matter associated 
with the cerebrum. (a) Associated fibers of a given 

~ hemisphere. (b) Commissural fibers connecting the 
hemispheres and projection fibers connecting the 


3 Theta waves are emitted from the temporal and occipital 
lobes. They have a frequency of 5-8 cycles/second and are 
common in newborn infants. The recording of theta waves in 
adults generally indicates severe emotional stress and can be a 


forewarning of a nervous breakdown. 


4 Delta waves seem to be emitted in a general pattern from the 
cerebral cortex. These waves have a frequency of 1-5 
cycles/second and are common during sleep and in an awake 
infant. The presence of delta waves in an awake adult indicates 


brain damage. 


White Matter of the Cerebrum 


The thick white matter of the cerebrum is deep to the cerebral 
fig. 15.5) and consists of dendrites, myelinated 
associated neuroglia. These fibers form the bil- 
ctions within the brain by which information in 


cortex (see 
axons, and 
lions of conne 


Downloaded from Durr-e-Danish, Library 


Longitudinal 
fissure 
Corpus callosum 
Commissural 
fibers 
Ft Caudate 
2s nucleus 
sO —eee Thalamus 
Putamen 


a <<" e-—s, A a. Globus 


| —— Cerebral 


peduncle 


Projection 
fibers 


Olive 


Decussalion of 
pyramids 


Cerebellum 


hemispheres with other structures of the CNS. (Note the 
decussation [crossing over] of projection fibers within 
the medulla oblongata.) 


the form of electrical impulses is transmitted to the appropri- 
ate places. The three types of fiber tracts within the white 
matter are named according to location and the direction in 
which they conduct impulses (fig. 15.9). 


1 Association fibers are confined to a given cerebral 
hemisphere and conduct impulses between neurons within that 


hemisphere. 


2 Commissural (k &-mi-shur“al) fibers connect the neurons and 
gyri of one hemisphere with those of the other. The corpus 
callosum and anterior commissure (fig. 15.10) are composed of 


commissural fibers. 


3 Projection fibers form the ascending and descending tracts 
that transmit impulses from the cerebrum to other parts of the 
brain and spinal cord and from the spinal cord and other parts of 
the brain to the cerebrum 


Central Nervous System 
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FIGURE 15.10 body 


A midsagittal section through the brain. 
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Basal Mucler 


The basal nuclei are specialized paired masses of gray matter 
located deep within the white matter of the cerebrum (fig. 
15.11). The most prominent of the basal nuclei is the corpus 
striatum, so named because of its striped appearance. The 
corpus striatum is composed of several masses of nuclei. The 
caudate nucleus is the upper mass. A thick band of white 
matter lies between the caudate nucleus and the next lower 
two masses, collectively called the lentiform nucleus. The 
lentiform nucleus consists of a lateral portion, called the puta- 
men (pyoo-ta‘men), and a medial portion, called the globus 
pallidus. The claustrum is another portion of the basal nu- 
clei. It is a thin layer of gray matter just deep to the cerebral 
cortex of the insula. 

The basal nuclei are associated with other structures of 
the brain, particularly within the mesencephalon. The caudate 
nucleus and the putamen of the lentiform nucleus control un- 
conscious contractions of certain skeletal muscles, such as 
those of the upper extremities involved in involuntary arm 
movements during walking. The globus pallidus regulates the 
muscle tone necessary for specific, intentional body move- 
ments. Neural diseases or physical trauma to the basal nuclei 


PPITTTTITITIT Te 
lentitorm L. /entis, elongated 

putamen’ L putare to cul. prune 

globus pallidus L. globus. sphere, pallidus. pale 


Pons 


Intermediate commissure 


Choroid plexus of third ventricle 


Splenum of corpus callosum 


Pineal body 


Corpora 
quadrigemina 


Cortex of 
ea! cerebellum 
Arbor vitae of 


cerebellum 
Medulla 


oblongata 


generally cause a variety of motor movement dysfunctions, 
including rigidity, tremor, and rapid and aimless movements. 


language 


Knowledge of the brain regions involved in language has 
been gained primarily by the study of aphasias—speech and 
language disorders caused by damage to specific language 
areas of the brain. These areas (fig. 15.12) are generally lo- 
cated in the cerebral cortex of the left hemisphere in both 
right-handed and left-handed people. 

The motor speech area (Broca’s area) is located in the 
left inferior gyrus of the frontal lobe. Neural activity in the 
motor speech area causes selective stimulation of motor im- 
pulses in motor centers elsewhere in the frontal lobe, which 
in turn causes coordinated skeletal muscle movement in the 
pharynx and larynx. At the same time, motor impulses are 
sent to the respiratory muscles to regulate air movement 
across the vocal cords. The combined muscular stimulation 
translates thought patterns into speech. 

Wernicke’s area is located in the superior gyrus of the 
temporal lobe and is directly connected to the motor speech 
area by a fiber tract called the arcuate fasciculus. People 
with Wernicke's aphasia produce speech that has been 


aphasia L. a, without, Gk phasis, speech 
Broca’s area trom Pierre P. Broca, French neurologist, 1824-80 
Wernicke’s area from Karl Wernicke, German neurologist, 1848-1905 
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< . “ a ” 
Supplementary Motor cerabraleodex described as a “word salad.” The 


motor cerebral cortex words used may be real words that are 


chaotically mixed together, or they 
may be made-up words. Language 
comprehension is destroyed in peo- 
ple with Wernickes’ aphasia; they 
cannot understand either spoken or 
written language. 

It appears that the concept of 
words to be spoken originates in Wer- 
nicke’s area and is then communi- 
cated to the motor speech area 
through the arcuate fasciculus. Dam- 
Angular gyrus age to the arcuate fasciculus produces 

conduction aphasia, which 1s fluent but 
nonsensical speech as in Wernicke’s 

aphasia, even though both the motor speech area and Wer- 

Jackals ae in the control of speech. Arrows indicate the nicke's area are intact. a 
-tion of communication between these areas The angular gyrus, located at the eae eta of the pari- 
— etal, temporal, and oecipital lobes, 1s believed to be a center 
for the integration of auditory, visual, and somatesthetic 
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Motor speech area 
(Broca's area) 
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information. Damage to the angular gyrus produces aphasias, 
which suggests that this area projects to Wernicke's area. 
Some patients with damage to the left angular gyrus can 
speak and understand spoken language but cannot read or 
write. Other patients can write a sentence but cannot read it, 
presumably due to damage to the projections from the oc- 
cipital lobe (involved in vision) to the angular gyrus. 
\ very good in children but decreases after 
adolescence. Recovery is reported to be faster in left- 
handed people, possibly because language ability is more 
evenly divided between the two hemispheres in left-handed 
people. Some recovery usually occurs after damage to the 


motor speech area, but damage to Wernicke’s area produces 
more severe and permanent aphasias. 


Recovery of language ability, by transfer to the right 
hemisphere after damage to the lett hemisphere, is 


Memory 


Clinical studies of amnesia suggest that several different brain 
regions are involved in memory storage and retrieval. Am- 
nesia has been found to result from damage to the tempo- 
ral lobe of the cerebral cortex, hippocampus, caudate nucleus 
(in Huntington's disease), or the dorsomedial thalamus (in 
alcoholics suffering from Korsakoff's syndrome with thiamine 
deficiency). Clinical studies also suggest that there are two 
major categories of memory: short-term memory and long- 
term memory. People with head trauma, for example, and 
patients with suicidal depression who are treated by electro- 
convulsive shock (ECS) therapy may lose their memory of re- 
cent events but retain their older memories. 

The hippocampus (see fig. 17.10) appears to be re- 
quired for short-term memory and for the consolidation of 
that memory into a long-term form. The surgical removal 
of the left hippocampus due to the presence of a tumorous 
growth impairs the consolidation of short-term verbal mem- 
ories, and removal of the right hippocampus impairs the 
consolidation of nonverbal memories. The surgical removal 
of both the left and the right hippocampi leave a patient to- 


tally without short-term memory. 
Factual information is stored in the cerebral cortex, 


with verbal memories lateralized to the left hemisphere and 
visuospatial information to the right hemisphere. Electrical 
Stimulation of various regions in the cerebrum of awake pa- 
tients often evokes visual or auditory memories that are ex- 
tremely vivid. Electrical stimulation of specific points in the 
temporal lobe evokes specific memories in such detail that 
patients feel ay if the events were currently being experi- 
enced. Surgical removal of these regions does not, however, 
eradicate the memory. The amount of memory destroyed by 
ablation of brain tissue appears to depend more on the 


390] 
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amount of brain tissue removed than on the location of the 


ry. On the basis of these observations, it appears thar 


surge 
B he cerebrum, and that 


memory may be diffusely located int 
stimulation of the correct location of the cerebral cortex 
then retrieves the memory. 

Since long-term memory is Not eradicated by electro- 
convulsive shock, it seems reasonable to conclude that the 
consolidation of memory depends on relatively permanent 
changes in the chemical structure of neurons and their 
synapses. Experiments suggest that protein synthesis is re- 
quired for the consolidation of the “memory trace.” Ac- 
cording to one theory, these proteins may be secreted into 
the extracellular environment, where they influence synap- 
tic connections. Another theory holds that new receptor 
proteins in the membrane of the postsynaptic neuron are 
made available as a result of high-frequency stimulation of 
the presynaptic neuron. This would help to account for the 
increased sensitivity of postsynaptic neurons to neurotrans- 
mitters, as seen in long-term potentiation (discussed in chap- 
ter 14). Much more research is obviously needed in this 
exciting area of physiology before memory can be fully ex- 
plained at a cellular and molecular level. 


Diencephalon 


The diencephalon ts a major autonomic region of the brain that consists 
of such vital structures as the thalamus, hypothalamus, epithalamus, 
and pituitary gland. 


The diencephalon is the second subdivision of the fore- 
brain and 1s almost completely surrounded by the cerebral 
hemispheres of the telencephalon. The third ventricle 
(see fig. 15.21) forms a cavity on the median plane within 
the diencephalon. The most important structures of 
the diencephalon are the thalamus (thal “@-mus), hypo- 
thalamus (hi“po-thal‘a-mus), epithalamus, and pituitary 
(pt-too “t-ter-e) gland. 


Ihalamus 


The thalamus is a large ovoid mass of gray matter, consti- 
tuting nearly four-fifths of the diencephalon. It is actually 
a paired organ, with each portion positioned immediately 
below the lateral ventricle of its respective cerebral hemi- 
sphere (see figs. 15.3 and 15.5). The principal function of 


thalamus: L. tha/amus, inner room 


the thalamus is to act as a relay center for all sensory im- 
pulses, except smell, to the cerebral cortex. Specialized 
masses of nuclet relay the incoming impulses to precise lo- 
cations within the cerebral lobes for interpretation. 

The thalamus also performs some sensory interpreta- 
tion. The cerebral cortex discriminates pain and other tac- 
tile stimuli, but the thalamus responds to general sensory 
stimuli and provides crude awareness. The thalamus prob- 
ably plays a role in the initial autonomic response of the 
body to intense pain and is, therefore, partially responsible 


for the physiological shock that frequently follows serious 
trauma. 


Hypothalamus 


The hypothalamus is a small portion of the diencephalon 
located below the thalamus, where it forms the floor and 
part of the lateral walls of the third ventricle (fig. 15.10). 
The hypothalamus consists of several masses of nuclei in- 
terconnected with other parts of the nervous system. De- 
spite its small size, the hypothalamus performs numerous 
vital functions, most of which relate directly or indirectly 
to the regulation of visceral activities. It also has emotional 
and instinctual functions (see also fig. 17.10). 

The hypothalamus is an autonomic nervous center be- 
cause of its role in accelerating or decreasing certain body 
functions. It secretes eight hormones, including two released 
from the posterior pituitary gland. These hormones and their 
functions are discussed in chapter 19. The principal auto- 
nomic and limbic (emotional) functions of the hypothala- 
mus are as follows: 


l Cardiovascular regulation. Although the heartbeat is 
automatic, impulses from the hypothalamus cause autonomic 
acceleration or deceleration of the heart. Impulses from the 
posterior hypothalamus produce a rise tn arterial blood pressure 
and an increase of the heart rate. Impulses from the anterior 
portion have the opposite effect. The impulses from these 
regions do not travel directly to the heart but pass first to the 
cardiovascular centers of the medulla oblongata. 


2 Body-temperature regulation. Specialized nuclei within the 
anterior portion of the hypothalamus are sensitive to changes in 
body temperature. If the artertal blood flowing through this 
portion of the hypothalamus is above normal temperature, the 
hypothalamus mitiates impulses that cause heat loss through 
swearing and vasodilation of cutaneous vessels of the skin. A 
below-normal blood temperature causes the hypothalamus to relay 
impulses that result in heat production and retention through the 
initiation of shivering, the contraction of cutaneous blood vessels, 


and the cessation of sweating. 


3 Regulation of water and electrolyte balance. Specialized 
usmoreceptors inthe hypothalamus continuously monitor the 
concentration of the blood. An increased concentration due to 
lack of water causes antidiuretic hormone (ADH) to be produced 
by the hypothalamus and released from the posterior pituitary 
gland. At the same time, a thirst center within the hypothalamus 
produces feelings of thirst. 


4 Regulation of hunger and control of gastrointestinal activity. 
The feeding center is a specialized portion of the lateral hypothalamus 
that monitors the blood glucose, fatty acid, and amino acid levels. 
Low levels of these substances in the blood are partially responsible 
for a sensation of hunger elicited from the hypothalamus. When 
sufficient amounts of food have been ingested, the satiety (sd-a’ te) 
center in the midportion of the hypothalamus inhibits the feeding 
center. The hypothalamus also receives sensory impulses from the 
abdominal viscera and regulates glandular secretions and the 
peristaltic movements of the digestive tract. 


5 Regulation of sleeping and wakefulness. The hypothalamus 
has both a sleep center and a wakefulness center that function with 
other parts of the brain to determine the level of conscious 
alertness. 


6 Sexual response. Specialized sexual center nucler within the 
posterior portion of the hypothalamus respond to sexual 
stimulation of the tactile receptors within the genital organs. The 
experience of orgasm involves neural activity with the sexual 
center of the hypothalamus. 


Central Nervous System 


5d Emotions. A number of nuclei within the hypothalamus are 
associated with specific emotional responses, such as anger, fear, 
pain, and pleasure. 


8 Control of endocrine functions. The hypothalamus produces 
neurosecretory chemicals that stimulate the anterior pituitary to 
release various hormones, which in turn regulate other endocrine 
glands (see chapter 19). The hypothalamus also produces the two 
hormones secreted by the posterior pituitary gland. 


[pithalamus 


The epithalamus is the posterior portion of the diencephalon 
that includes a thin roof over the third ventricle (see fig. 
15.21). The inside lining of the roof consists of a vascular 
choroid plexus where cerebrospinal fluid is produced (see 
fig. 15.10). A small cone-shaped mass called the pineal gland 
(epiphysis), which has a neuroendocrine function, extends 
outward from the posterior end of the epithalamus (see fig. 
15.10). The posterior commissure, located ventral to the 
pineal gland, is a tract of commissural fibers that connects 
the superior colliculi (see fig. 15.16). 


pineal. L. pinea, pine cone 
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FIGURE 15.13 


Anterior 
The pituitary gland 1s cerebral 
pos d within the sella artery 


turcica of the sphenoid 
bone and is attached to 
the brain by the 
infundibulum. 


Cerebral cortex 


Optic chiasma 


Infundibulum 


Adenohypophysis 


Sphenoidal 
sinus 


Sphenoid 
bone 


Pituitary Gland 


The pituitary gland, or hypophysis (hi-pofT-sis), is posi- 
tioned on the inferior aspect of the diencephalon and is at- 
tached to the hypothalamus by a stalklike structure called 
the infundibulum (in “fun-dib vii-lum) (see fig. 15.10). The 
pituitary 1s a rounded, pea-shaped gland about 1.3 em (0.5 
in.) in diameter. It is covered by the dura mater and is sup- 
ported by sella turcica of the sphenoid bone (fig. 15.13). 
The cerebral arterial circle (circle of Willis) (see fig. 21.22b) 
surrounds the highly vascular pituitary gland, providing it 
with a rich blood exchange. The pituitary, which has an en- 
docrine function, is structurally and functionally divided 
into an anterior portion, called the adenohypophysis (ad “é- 
no-hi-pof ‘T-sis), and a posterior portion, called the neuro- 
hypophysis (see chapter 19). 


The mesencephalon contams the corpora quadrigemma, concerned with 


cistuatl and auditory reflexes, and the cerebral peduncles, composed of 
fiber tracts. [ralso contains spectalized nucler that help to control 


posture and motement 


The bram stem contains nuclet for autonomic functions of 
the body and their connecting tracts. It ts that portion of 


wee ccccccccccsccesecevesessesssacece 
pituitary L prfuita phiegm (this gland was orginally thought to secrete mucus into 
the nasal Cavily) 


infundibulum L refuad:bulum, funnel 
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the brain that attaches to the spinal cord and includes the 
midbrain, pons, and medulla oblongata. The mesencephalon 
(mes “en-sef’a-lon), or midbrain, is a short section of the 
brain stem between the diencephalon and the pons (see fig. 
15.16). Within the midbrain is the mesencephalic aqueduct 
(aqueduct of Sylvius) (see fig. 15.21), which connects the 
third and fourth ventricle. The midbrain also contains the 
corpora quadrigemina (see fig. 15.10), cerebral peduncles 
(see fig. 15.9), red nucleus, and substantia nigra. 

The corpora quadrigemina (kwad “r-jem‘ tnd) are the 
four rounded elevations on the posterior portion of the mid- 
brain (see fig. 15.16). The two upper eminences, the supe- 
rior colliculi are concerned with visual reflexes. The two 
Posterior eminences, the inferior colliculi, are responsible for 
auditory reflexes. The cerebral peduncles (pé-dung ‘k'lz) are 
a pair of cylindrical structures composed of ascending and 
descending projection fiber tracts that support and connect 
the cerebrum to the other regions of the brain. 

The red nucleus is deep within the midbrain between 
the cerebral peduncle and the cerebral aqueduct. The red 
nucleus 1s gray matter that connects the cerebral hemi- 
spheres and the cerebellum and functions In reflexes con- 
cerned with motor coordination 


and maintenance of posture. 
Another nucleus 


called the substantia Nigra is inferior to 
the red nucleus. The substantia nigra ts thought to inhibit in- 
voluntary movements. 


aqueduct of Sylvius Sylvius, French anatomist 1478-1555 
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FIGURE 15.14 


Nuclei within the pons and medulla oblongata that constitute the 
respiratory center. 


llletencephalon 


The metencephalon contains the pons, which relays impulses, and the 
cerebellum, which coordinates skeletal muscle contractions. 


The metencephalon (med “en-sef ‘a-lon) is the most superior 
portion of the hindbrain. Two vital structures of the met- 
encephalon are the pons and cerebellum. The mesencephalic 
aqueduct of the mesencephalon enlarges to become the 
fourth ventricle (see fig. 15.21) within the metencephalon 
and myelencephalon. 


Pons 


The pons can be observed as a rounded bulge on the under- 
side of the brain, between the midbrain and the medulla ob- 
longata (fig. 15.14). The pons consists of white fiber tracts 
that course in two principal directions. The surface fibers 
extend transversely to connect with the cerebellum through 
the middle cerebellar peduncles. The deeper longitudinal 


pons: L. pons, bridge 


fibers are part of the motor and sensory tracts that connect 
the medulla oblongata with the tracts of the midbrain. 

Scattered throughout the pons are several nuclei asso- 
ciated with specific cranial nerves. The cranial nerves that 
have nuclei within the pons include the trigeminal (V), 
which transmits impulses for chewing and sensory sensa- 
tions from the head; the abducens (VI), which controls cer- 
tain movements of the eyeball; the facial (VII), which 
transmits impulses for facial movements and sensory sensa- 
tions from the taste buds; and the vestibular branch of the 
vestibulocochlear (VIII), which maintains equilibrium. 

Other nuclei of the pons function with nuclei of the 
medulla oblongata to regulate the rate and depth of breath- 
ing. The two respiratory centers of the pons are called the ap- 
neustic and the pneumotaxic areas (fig. 15.14). 


Cerebellum 


The cerebellum (ser “é-bel ‘um) is the second largest structure 
of the brain. It is located in the metencephalon and occupies 
the inferior and posterior aspect of the cranial cavity. The 
cerebellum is separated from the overlying cerebrum by a 
transverse fissure (see fig. 15.4). A portion of the meninges 
called the tentorium cerebelli extends into the transverse 
fissure. The cerebellum consists of two hemispheres and a 
central constricted area called the vermis (fig. 15.15). The 
falx cerebelli is the portion of the meninges that partially 
extends between the hemispheres (see table 15.3). 

Like the cerebrum, the cerebellum has a thin, outer 
layer of gray matter, the cerebellar cortex, and a thick, 
deeper layer of white matter. The cerebellum is convoluted 
into a series of slender, parallel gyri. The tracts of white 
matter within the cerebellum have a distinctive branching 
pattern called the arbor vitae that can be seen in the sagit- 
tal view (see fig. 15.10). 

Three paired bundles of nerve fibers called cerebellar 
peduncles support the cerebellum and provide it with tracts 
for communicating with the rest of the brain (fig. 15.16). 
Following is a description of the cerebellar peduncles. 


1 Superior cerebellar peduncles connect the cerebellum with 
the midbrain. The fibers within these peduncles originate 
primarily from specialized dentate nuclei within the cerebellum 
and pass through the red nucleus to the thalamus and then to the 
motor areas of the cerebral cortex. Impulses through the fibers of 
these peduncles provide feedback to the cerebrum. 


2 Middle cerebellar peduncles convey impulses of voluntary 
movement from the cerebrum through the pons and to the 
cerebellum 


eee rcccccnccccencccceceveseseececees 
cerebellum: L. cerebellum, diminutive of cerebrum, brain 
vermis: L_ vermis, worm 

arbor vitae L. arbor, tree, vitae, lite 

peduncle: L. peduncle, diminutive of pes. foot 
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3 Inferior cerebellar peduncles connect the cerebellum with 
the medulla oblongata and the spinal cord. They contain both 
incoming vestibular and proprioceptive fibers and outgoing 
motor fibers. 


Anterior 
lobe 


Superior vermis 
Primary fissure 


Posterior 
lobe 


(a) 
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Brachium pontis 
Inferior vermis Anterior lobe 


Tonsil 
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FIGURE 15.15 


The structure of the cerebellum: (a) a superior view, (b) an inferior view, 


and (c) a sagittal view 
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al function of the cerebellum is coor- 
iscle contractions by recruiting pre- 
n the muscles. Impulses for 


The princip 
dinating skeletal mt 
cise motor units withi ? 
voluntary muscular movement originate in the cere- 
bral cortex and are coordinated by the cerebellum. The 
antly initiates impulses to selective 


cerebellum const 
osture and muscle tone. 


motor units for maintaining P 
The cerebellum also adjusts to incoming impulses from 
proprioceptors (pro “pre-o-sep torz) within muscles, ten- 
dons, joints, and special sense organs. A proprioceptor 
is a sensory nerve ending that is sensitive to changes 
in the tension of a muscle or tendon. 


cerebral palsy or a stroke, frequently cause an 

impairment of skeletal muscle function. 

Movements become jerky and uncoordinated in 
a condition known as ataxia. There is also a loss of 
equilibrium, resulting in a disturbance of gait. Alcohol 
intoxication causes similar uncoordinated body 
movements. 


4 \ Trauma or diseases of the cerebellum, such as 


Myelencephalon 


The medulla oblongata, contained withm the myelencephalon, 
connects to the spmal cord and contains nuclet for the cranial 
nerves and vital autonomte functions. 


Medulla Ublongata 


The medulla oblongata is a bulbous structure about 
3.cm (1 in.) long that is continuous with the pons an- 
teriorly and the spinal cord posteriorly at the level of 
the foramen magnum (see figs. 15.9 and 15.10). Ex- 
ternally, the medulla oblongata resembles the spinal 
cord, except for the two triangular, elevated structures 
called pyramids on the ventral side and an oval en- 
largement called the olive on each lateral surface. The 
fourth ventricle, the space within the medulla oblon- 
gata, is Continuous posteriorly with the central canal of 
the spinal cord and anteriorly with the cerebral aque- 
duct (see fig. 15.21), 

The medulla oblongata is composed of vital nu- 
clei and white matter that form all of the descending 


and ascending tracts communicating between the 


SPO OHH Rete teers teases eeees 


medulla L medulla, marrow 


Corpora 
quadrigemina 


Diencephalon Pineal 


gland 


Superior 
colliculi 


Inferior 
colliculi - Midbrain 
Cerebellar \. =. Pons 
peduncles » aN 
an 4 
Superior > . , _ 
portion — : =| 
Interior —_ gee 
portion | 
Middle | So 
portion } at 
| —__  Medulla 
~ Krabach oblongata 


FIGURE 15.16 


The cerebellar peduncles can be seen when the cerebellum has been 


removed from its attachment to the brain stem. 
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FIGURE 15.17 


A sagittal section of the medulla oblongata and pons showing the 


cranial nerve nuclei of gray matter 


spinal cord and various parts of the brain. Most of the fibers 
within these tracts cross over to the opposite side through 
the pyramidal region of the medulla oblongata, permitcing 
one side of the brain to receive information from and send 
posite side of the body (see tig. 15.9). 


information to the op 
dulla oblongata consists of sev- 


The gray matter of the me 


eral important nuclei for the cranial nerves, sensory relay, and 
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for autonomic functions (fig. 15.17). The nucleus ambiguus 
and the hypoglossal nucleus are the centers from which 
arise the vestibulocochlear (VIII), glossopharyngeal (1X), 
accessory (XI), and hypoglossal (XII) nerves. The vagus 
nerves (X) arise from vagus nuclei, one on each lateral side 
of the medulla oblongata, adjacent to the fourth ventricle. 
The nucleus gracilis and the nucleus cuneatus relay sen- 
sory information to the thalamus, and then the impulses are 
relayed to the cerebral cortex via the thalamic nuclei (not il- 
lustrated). The inferior olivary nuclei and the accessory 
olivary nuclei of the olive mediate impulses passing from 
the forebrain and midbrain through the inferior cerebellar 
peduncles to the cerebellum. 

Three other nuclei within the medulla oblongata 
function as autonomic centers for controlling vital visceral 
functions. 


1 Cardiac center. Both mhibitory and accelerator fibers arise from 
nuclet of the cardiac center. Inhibitory impulses constantly travel 
through the vagus nerves to slow the heartbeat. Accelerator 
impulses travel through the spinal cord and eventually innervate 
the heart through fibers within spinal nerves T1-T5. 


Z Vasomotor center. Nuclet of the vasomotor center send 
impulses via the spinal cord and spinal nerves to the smooth 
muscles of arteriole walls, causing them to constrict or dilate, thus 
regulating blood pressure and blood flow. 


3 Respiratory center. The respiratory center of the medulla 
oblongata controls the rate and depth of breathing and functions 
in conjunction with the respiratory nuclei of the pons (see fig. 
15.14) to produce rhythmic breathing. 


Other nuclei of the medulla oblongata function as cen- 
ters for nonvital respiratory Movements, such as sneezing, 
coughing, swallowing, and vomiting. Some of these activities 
(swallowing, for example) may be initiated voluntarily, but 
once they progress to a certain point they become involun- 
tary and cannot be interrupted. 


Reticular Formation 


The reticular formation is a complex network of nuclei and 
nerve fibers within the brain stem that function as the retic- 
ular activating system (RAS) in arousing the cerebrum. Por- 
tions of the reticular formation are located in the spinal 
cord, pons, midbrain, and parts of the hypothalamus and 
thalamus (fig. 15.18). The reticular formation contains as- 
cending and descending tibers from most of the structures 
within the brain. 

Nuclei within the reticular formation generate a con- 
cinuous flow of impulses unless they are inhibited by other 
parts of the brain. The principal tunctions of the RAS are to 
keep the cerebrum ina state of alert consciousness and to 
selectively monitor the afferent impulses perceived by the 
cerebrum. The RAS also helps the cerebellum activate 
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FIGURE 15.18 
The reticular activating system. The arrows indicate the direction 
of impulses along nerve pathways that connect with the RAS. 


selected motor units to maintain muscle tonus and produce 
smooth, coordinated contractions of skeletal muscles. 


4 The RAS is sensitive to changes in and trauma to the 
brain. The sleep response is thought to occur because 
of a decrease in activity within the RAS, perhaps due 
to the secretion of specific neurotransmitters. A blow 

to the head or certain drugs and diseases may damage the 
RAS, causing unconsciousness. A coma isa state of 
unconsciousness and inactivity of the RAS that even the most 
powerful external stimuli cannot disturb. 


Mleninges oft 


flo Whe 
HErVOU 


The CNS ts covered by protective meninges; namely a dura mater, an 
arachnoid mater, and a pra mater. 

The central nervous system is protected by three connec- 
tive tissue membranous coverings called the meninges (figs. 
15.19 and 15.20). Individually, from the outside in, they are 
known as the dura mater, the arachnoid mater, and the 


pla mater. 


meninges L plural form of meninx membrane 
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Dura Mater 


The dura mater is attached to the skull and ts composed pri- 
h, fibrous connective Cssue. The cranial dura 


marily of toug 
The thicker, outer per- 


mater ts a double-layered structure. 
iosteal (per “e-vs te-al) layer adheres lightly to the inner sur- 
face of the cranium, where it Constitutes the periosteum (fig. 
15.19). The thinner, inner meningeal layer follows the gen- 
eral contour of the brain. The spinal dura mater ts not dou- 
ble layered but is similar to the meningeal layer of the cranial 
dura mater. 

The two layers of the cranial dura mater are fused and 
cover most of the brain. In certain regions, however, the 
layers are separated, enclosing dural sinuses (sce fig. 15.19) 
that collect venous blood and drain it to the internal jugu- 
lar veins of the neck. 

In four locations, the meningeal layer of the cranial 
dura mater forms distinct septa to partition major structures 
on the surface of the brain and anchor the brain to the inside 
of the cranial case. These septa are reviewed in table 15.3. 

The spinal dura mater forms a tough, tubular dural 
sheath that continues into the vertebral canal and surrounds 
the spinal cord. There is no connection between the dural 
sheath and the vertebrae forming the vertebral canal, but 
instead there is a potential cavity called the epidural space 
(see fig. 15.19). The epidural space is highly vascular and 
contains loose and adipose connective tissues that form a 
protective pad around the spinal cord. 


Arachnoid Mater 


The arachnoid mater is the middle of the three meninges. 
This delicate, netlike membrane spreads over the CNS but 
generally does not extend into the sulci or fissures of the 
brain. The subarachnoid space, located between the arach- 
noid mater and the deepest meninx, the pla mater, contains 
cerebrospinal fluid. The subarachnoid space is maintained by 
delicate, weblike strands that connect the arachnoid mater 
and pia mater (see fig. 15.19). 


Pia Mater 


The thin pia mater is attached to the surfaces of the CNS 
and follows the irregular contours of the brain and spinal 
cord. The pia mater is composed of modified loose connec: 
tive tissue. It is highly vascular and functions to support the 
vessels that nourish the underlying cells of the brain and 
spinal cord. The pia mater is specialized over the roofs of 


Pec eccccscccsccccecceccsccccececeoce 
dura mater. L dura hard: mater mother 
arachnoid L arachnoies, ike a cobweb 
pia mater L. pia, soft or tender, mater. mother 
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FIGURE 15.19 : i 
Meninges and associated structures (a) surrounding the brain and (b) surrounding the ; 
spinal cord. The epidural space in the lower lumbar region is of clinical importance as a gite 4 


for an epidural block that may be administered te facilitate parturition (childbirth). 
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FIGURE 15.20 


The spinal cord and the meninges. (The meninges are labeled in 
boldface.) 


' Table 1.3 Septa of the cranial 
dura mater 
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the ventricles where it contributes to the formation of the 


along with the arachnoid mater. Lateral 


choroid plexuses j 
e¢ spinal cord form the 


extensions of the pia mater along th 
licamentum denticulatum, which attaches the cord to the 
gi 


dura mater. 


arto re 
~ meninges most frequently affected. Meningitis 1s 
{ severe headache 


Meningitis is an inflammation of the meninges, 


usually caused by bacteria or viruses. The 
arachnoid mater and the pia mater are the two 


accompanied by high fever an 
Complications may cause sensory impairment, paralysis, or 


mental retardation. Untreated meningitis generally results in 


coma and death 


Ventricles and Cerebrospinal Huta 


The ventricles, central canal, and subarachnoid space contain 
cerebrospmal fluad, formed by the active transport of substances from 


blood plasma m the choroid plexuses. 

Cerebrospinal fluid (CSF) is a clear, lymphlike fluid thar 
forms a protective cushion around and within the CNS. The 
fluid also buoys the brain. CSF circulates through the vari- 
ous ventricles of the brain, the central canal of the spinal 
cord, and the subarachnoid space around the entire CNS. 
The CSF returns to the circulatory system by draining 
through the walls of the arachnoid villi, which are venous 


capillaries. 


Ventricles of the Bran 


The ventricles of the brain are connected to one another 
and to the central canal of the spinal cord (fig. 15.21). Each 
of the two lateral ventricles (first and second ventricles) 
is located in one of the hemispheres of the cerebrum, infe- 
rior to the corpus callosum. The third ventricle is located in 
the diencephalon, between the thalami. Each lateral ven- 
tricle is connected to the third ventricle by a narrow, oval 
opening called the interventricular foramen (foramen of 
Monro). The fourth ventricle ts located in the brain stem, 
within the pons, cerebellum, and medulla oblongata. The 
mesencephalic (cerebral) aqueduct passes through the mid- 
brain to link the third and fourth ventricles. The fourth 


foramen of Monro trom Alexander Monro Jr, Scottish anatomist, 1733-1817 


interventricular 
foramen 


Mesencephalic aqueduct 


Fourth ventricle 


(a) 


Interventricular 
foramen 


FIGURE 15.21 
The ventricles of the brain. (a) An 
anterior view and (b) a lateral view. (b) 


ventricle also communicates posteriorly with the central 
canal. CSF exits from the fourth ventricle into the sub- 
arachnoid space (fig. 15.22) through three foramina: the 
median aperture (foramen of Magendie), a medial open- 
ing, and two lateral apertures (foramina of Luschka) (not il- 
lustrated). CSF returns to the venous blood through the 


arachnoid villi. 


4 Internal hydrocephalus is a condition in which CSF 
builds up within the ventricles of the brain. It is more 
common in infants whose cranial sutures have not yet 
strengthened or ossified. If the pressure 1s excessive, 

the condition may have to be treated surgically. . 

External hydrocephalus, an accumulation of fluid within 

the subarachnoid space, usually results from an obstruction of 


drainage at the arachnoid villi. 


season 
Sébets cons eeoseurebsegeeeeee® 


endie {rom Frangois Magendie French physiologist, 1783-1855 


foramen of Mag anatomist, 1820-75 


foramen of Luschka from Hubert Luschka, German 
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Cerebrospinal Fluid 


CSF buoys the CNS and protects it from mechanical injury. 
CSF has a specific gravity of 1.007, which is a density close 
to that of brain tissue. The brain weight 1s about 1500 grams, 
but suspended in CSF its buoyed weight is about 50 grams. 
This means that the brain has a near neutral buoyancy and 
can therefore function effectively as a relatively heavy organ. 
Ata true neutral buoyancy, an object does not float or sink 
but is suspended in its fluid environment. 

In addition to buoying the CNS, CSF reduces the dam- 
aging effect of an impact to the head by spreading the force 
over a larger area. It also helps to remove metabolic wastes 
from nervous tissue. Since the CNS lacks lymphatic circu- 
lation, the CSF moves cellular wastes into the venous re- 
turn atts places of drainage. 

The clear, watery CSF is continuously produced from 
matertals within the blood by masses of specialized capillar- 
ies called choroid plexuses and, toa lesser extent, by secre- 
tions of the ependymal cells. The ciliated ependymal cells 
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cover the choroid plexuses, as well as line the central canal, 
and presumably aid the movement of the CSE 

CSF is formed mainly by the active transport and ul- 
trafiltration of substances within the blood plasma. CSF 
has more sodium, chloride, magnesium, and hydrogen ions 
than blood plasma and less calcium, potassium, and glu- 
cose. In addition, CSF contains some proteins, urea, and 
white blood cells. 

Up to 800 ml of CSF are produced each day, although 
only 140-200 ml are bathing the CNS at any given moment. 
A person lying in a horizontal position has a slow but con- 
tinuous circulation of CSF, with a fluid pressure of about 
10 mmHg. 


is critical, and a chemical imbalance may have 

marked effects on CNS functions. An increase in 

glycine (an amino acid) concentration, for example, 
produces hypothermia and hypotension as temperature and 
blood pressure regulatory mechanisms are disrupted. A slight 
change in pH may affect the respiratory rate and depth. 


\ The homeostatic consistency of the CSF composition 


apinal Cord 


The spinal cord consists of centrally located gray matter involved in 
reflexes, and peripherally located ascending and descending tracts of 
white matter, which conduct impulses to and from the bram. 


The spinal cord is the portion of the CNS that extends through 
the vertebral canal of the vertebral column (fig. 15.23). It is 
continuous with the brain through the foramen magnum of 
the skull. The spinal cord has two principal functions. 


1 Impulse conduction. It provides a means of neural 


communication to and from the brain through tracts of white 


matter. Ascending tracts conduct impulses from the peripheral 
sensory receptors of the body to the brain. Descending tracts 
conduct motor impulses from the brain to the muscles and glands. 

integrati erves as a center for spinal reflexes. 
2 Reflex integration. It serves I 


Specific nerve pathways et 
luntartly by the brain. Movements of this 


qable some movements to be reflexive 


rather than initiated vo 
type are not confined to skeletal muscles, reflexive movements of 
cardiac and smooth muscles control heart 
oestive activities. Spinal nerve pathways are 


rate, breathing rate, 


blood pressure, and dt 
‘so involved in swallowing, coughing, sneezing, and vomiting 


Structure of the Spinal Cord 
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(a) 


cervical (C3) and the second thoracic 
vertebrae (T2). Nerves emerging from 
this region serve the upper extremities. 
The lumbar enlargement lies between 
the ninth and twelfth thoracic verte- 
brae. Nerves from the lumbar enlarge- 
ment supply the lower extremities. 
The embryonic spinal cord de- 
velops more slowly than the assoct- 
ated vertebral column; thus, in the 
adult, the cord does not extend 
beyond L1. The tapering, terminal 
portion of the spinal cord ts called the 
conus medullaris. The filum termi- 
nale, a fibrous strand composed mostly 
of pia mater, extends intertorly from 
the conus medullaris at the level of LI to the coccyx (see 
fig. 15.22). Nerve rooty also radiate inferiorly from the conus 
medullaris through the vertebral canal. These nerves are 
collectively referred to as the cauda equina because they re- 


(b) 


semble a horse's tail. 

The spinal cord develops as 31 segments, each of which 
gives rise toa pair of spinal nerves that emerge from the 
cord through the intervertebral foramina. Two grooves, an 
anterior median fissure and a posterior median sulcus, ex- 
tend the length of the spinal cord and partially divide the 
cord inte nght and lete portions. The spinal cord, like the 
brain, is protected by three distinct meninges and ts 


filum terminalis Lo fium filament ferminus. end 
cauda equina L cauda tall, equus, horse 
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Anterior funiculus 


FIGURE 15.24 

The spinal cord in cross 
section. (a) A diagram and 
(b) a photomicrograph. 
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cushioned by cerebrospinal fluid. The Pia Mater contains an 
extensive vascular network. 

The gray matter of the spinal cord is centrally located 
and surrounded by white matter. It is composed of nerve cell 
bodies, neurogha, and unmyelinated association neurons 
(interneurons). The white matter consists of bundles, of 
tracts, of myelinated fibers of sensory and motor neurons. 

The relative size and shape of the gray and white mat- 
ter Varies throughout the spinal cord. The amount of white 
Matter mereases toward the brain as the nerve tracts become 
thicker. More gray matter is found in the cervical and lum: 
har enlargements where, respectively, innervations from the 
upper and lower extremines make Connections. 

. The core of gray matter roughly resembles the letter 
H (fig. 15.24). Projections of the gray matter within the 


spinal cord are called horns and are named according to the 
direction in which they project. The paired posterior horns 
extend posteriorly and the paired anterior horns project an- 
teriorly. A pair of short lateral horns extend to the sides and 
are located between the other two pairs. Lateral horns are 
prominent only in the thoracic and upper lumbar regions. 
The transverse bar of gray matter that connects the paired 
horns across the center of the spinal cord is called the gray 
commissure. Within the gray commissure is the central 
canal. It is continuous with the ventricles of the brain and is 
filled with cerebrospinal fluid. 


spinal Cord Iracts 


Impulses are conducted through the ascending and de- 
scending tracts of the spinal cord within the columns of 
white matter. The spinal cord has six columns of white 
matter called funiculi (fyoo-ntk-yieli), which are named 
according to their relative position within the cord. The 
two anterior funiculi are located between the two ante- 
rior horns of gray matter to either side of the anterior me- 
dian fissure (fig. 15.24). The two posterior funiculi are 
located between the two posterior horns of gray matter to 
either side of the posterior median sulcus. Two lateral fu- 
niculi are located between the anterior and posterior horns 
of gray matter. 

Each funiculus consists of both ascending and de- 
scending tracts. The nerve fibers within the tracts are gen- 
erally myelinated and have specific sites of origin and 
termination. In fact, the names of the various tracts retlect 
their origin and termination. The fibers of the tracts either 
remain on the same side of the brain and spinal cord or cross 
over within the medulla oblongata or the spinal cord. The 
crossing over of nerve tracts 1s referred to as decussation 
(de “kti-sa shun). Figure 15.25 illustrates a descending tract 
thar decussates within the medulla oblongata and figure 
15.26 illustrates an ascending tract that decussates within 
the medulla oblongata. 

The principal ascending and descending tracts within 


the funiculi are presented with their functions in table 15.4 


r 4% eG) er 
and are illustrated in figure 15.27. . 
Descending tracts are grouped according to place of 
. ™ . 
as either corticospinal of extrapyramidal. Corti- 


origin 
lal) tracts descend directly, without synap- 


cospinal (pyran 


commissure: L commissura, 3 jointing 
funiculus. L diminutive of funis cord rope 


decussation L decussare, 10 form an X intersection 
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tic interruption, from the cerebral cortex to the lower motor 
neurons. The cell bodies of the neurons that contribute fibers 
to these tracts are located primarily in the precentral gyrus of 
the frontal lobe. Most (about 85%) of the corticospinal fibers 
decussate in the pyramids of the medulla oblongata (see fig. 
15.9). The remaining 15% do not cross from one side to the 
other. The fibers that cross compose the lateral corticospinal 
tracts, and the remaining uncrossed fibers compose the an- 
terior corticospinal tracts. Because of the crossing of fibers 
from higher motor neurons in the pyramids, the right hemi- 
sphere primarily controls the musculature on the left side 
of the body, whereas the left hemisphere controls the right 
musculature. 


in voluntary movements that require cor relation 
between the motor cortex and sensory input. 
Speech, for example, is impaired when the 
corticospinal tracts are damaged in the thoracic region of 
the spinal cord, whereas involuntary breathing continues. 
Damage to the pyramidal motor system can be detected 
climcally by a positive Babinski reflex, in which stimulation 
of the sole of the foot causes extension (upward movement) 
of the toes. 


a The corticospinal tracts are particularly important 


J] 


The remaining descending tracts are extrapyramidal 
tracts that originate in the brain stem region. Electrical stim- 
ulation of the cerebral cortex, the cerebellum, and the basal 
nuclei indirectly evokes movements because of synaptic con- 
nections within extrapyramidal tracts. 

The reticulospinal (ré-tik “yii-lo-spi nal) tracts are the 
major descending pathways of the extrapyramidal system. 
These tracts originate in the reticular formation of the 
brain stem. Neurostimulation of the reticular formation 
by the cerebrum either facilitates or inhibits the activity 
of lower motor neurons depending on the area stimulated 
(fig. 15.28). 

The basal nuclei, acting through synapses in the retic- 
ular formation particularly, appear normally to exert an ine 
hibitory influence on the activity of lower motor neurons. 
Damage to the basal nucler thus results in decreased muscle 
tone. People with such damage display akinesia (ak Ene tha) 
(lack of desire to use the affected limb) and chorea (sudden 
and uncontrolled random movements). 


TITTITITTTrTiiii tii 
akinesia Gk. a, without. Avnesis, movement 
Chorea Fr choros, a dance 
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FIGURE 15.25 


Descending tracts composed of motor fibers that cross over within the medulla oblongata 
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FIGURE 15.26 


Ascending tracts composed of sensory fibers that cross over within the medulla oblongata 
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Tract Funiculus Origin . 
4 vy 9% s 
eo ; >| : 1 4 
Anterior ~—_—Posterior horn on one side 
of cord but crosses to 
opposite side 
Lateral Posterior horn on one side of 
cord but crosses to opposite side 
Posterior Peripheral sensory neurons; 


us cuneatus does not cross over 


a 


spino cerebellar Lateral 


Posterior horn; 
does not cross over 


Posterior horn; some fibers 
cross, others do not 


Lateral 
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Cerebral cortex on one side 
of brain, crosses to opposite 
side of cord 


Anterior 


FIGURE 15.27 
A transverse section showing the 
principal ascending and descending 
tracts within the spinal cord. 
Posterior spinocerebellar tract 


Lateral corticospinal tract 


Bulboreticulospinal tract 


Rubrospinal tract 


Anterior spinocerebellar tract 
Lateral spinothalamic tract 


Anterior reticulospinal tract 


Medial reticulospinal tract 


Anterior horn 


Table To. 4 Principal ascending and descending tracts of the spinal cord 
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Termination — 


Thalamus, then cerebral cortex 


_ Thalamus, then cerebral cortex 


wi* 
’ 
* 


Nucleus gracilis and nucleus 
cuneatus of medulla oblongata; 


crosses to the opposite side; 
eventually thalamus, then 
cerebral cortex 


Cerebellum 


Cerebellum 


Fasciculus cuneatus 


Anterior spinothalamic tract 


Conducts sensory 


Function 


Conducts sensory impulses 
for crude touch and pressure 


Conducts pain and 
temperature impulses that are 


interpreted within cerebral cortex 


Conducts sensory impulses 
from skin, muscles, tendons. 
and joints, which are 
interpreted as sensations of 
fine touch, precise pressures, 
and body movements 


Conducts sensory impulses 
from one side of body to same 


side of cerebellum for 

subconscious proprioception 
necessary for coordinated 
muscular contractic 


from both sides 
cerebellum for su 
proprioception 
coordinated muse 
contractions 


from cerebrum | 
nerves and out 


Fasciculus gracilis 


Anterior corticospinal tract 


* 
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| Table BA Continued 


- ct F ;s 
Tra uniculus Origin Termination Function 
Descending tracts 
ia a 
Late al corticospinal Lateral Cerebral cortex on one side Anterior horn Conducts motor impulses 


" of brain; crosses in base of 
medulla oblongata to opposite 
side of cord 


Anterior Mesencephalon; crosses 
to opposite side of cord 
brospil Lateral Mesencephalon (red nucleus): 
crosses to opposite side of cord 
> 
u lospinal Anterior Medulla oblongata; 


does not cross over 


Reticular formation of brain stem 


does not crossover 


Cerebral cortex 


T 


Thalamus 


Cerebellum — 


Red nucleus 


Basal nuclei 


Brain stem 
reticular 
formation 


Vestibular nucleus 


Pyramidal (corticospinal) tracts 
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Lower motor neurons 


FIGURE 15.28 


ra 


from cerebrum to spinal 
nerves and outward to cells 
of anterior horns for 
coordinated, precise voluntary ! 
movements : 


Conducts motor impulses to 
cells of anterior horns and 
eventually to muscles that mo 
head in response to visual, — 
auditory, or cutaneous ae 


Conducts motor impulses 
concerned with muscle tone and 
posture D 


Anterior horn 


Anterior horn 


Conducts motor impulses 

that regulate body tone and 
posture (equilibrium) in 
response to movements of head 


Anterior horn 


Anterior horn Conducts motor impulses that — 


ontrol muscle tone and swi 


4 Loatii 
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There are no descending tracts from the cerebellum. 
The cerebellum can influence motor activity only indi- 
rectly, through the vestibular nuclei, red nucleus, and 
basal nuclei. These structures, in turn, affect lower motor 
neurons via the vestibulospinal tracts, rubrospinal tracts, 
and reticulospinal tracts. Damage to the cerebellum in- 
terferes with the coordination of movements with spatial 
judgment. Underreaching or overreaching tor an object 
may occur, followed by mrention tremor, in which the limb 
moves back and forth in a pendulum-like motion. 


Clinical Consideratt 


Neurological Assessment and Drugs 


Neurological assessment has become exceedingly sophis- 
tricated and accurate in the past few years. In most phys- 
ical examinations, only the baste aspects such as reflexes 
and sensory functions are assessed. Butt the physician 
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as the lateral walls thicken to form a 
groove, called the sulcus limitans along 
each lateral wall of the central canal. A 
pair of alar plates forms dorsal to the 
sulcus fimitans and a pair of basal 
plates forms ventrally. By the ninth 
week, the alar plates have specialized 
to become the posterior horns, 
containing fibers of the sensory cell 


~ The spinal cord, like the 

: brain, develops as the 
neural tube undergoes differentiation 
and specialization. Throughout the 
developmental process, the hollow 
central canal persists while the 
specialized while and gray matter forms 
(fig. 1). Changes in the neural tube 
become apparent during the sixth week 


Alar plate 


Sulcus 
himilans 
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Basal plate 


Derivative 
of neural 
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% ghee 


lO) 
‘ Posterior dorsal horn 4 
Gray matter Lateral horn 


Anterior ventral horn 


Waldrop White matter 


FIGURE 1 


The development of the spinal cord. (a) A dorsal view of 
an embryo at 23 days with the position of a transverse cut 
indicated in (b), (c) The formation of the alar and basal 
plates is evident in a cross section through the spinal cord 


weeks. 


— ve ee 


bodies, and the basal plates have 
specialized to form the anterior and 
lateral horns, containing motor cell 
bodies. Sensory neurons of spinal 
nerves conduct impulses toward the 
spinal cord, whereas motor neurons 
conduct impulses away from the spinal 


cord. 


Sensory 
cell bodies 


Motor 
cell bodies 


Sensory 
fibers 


Spinal 
ganglion 


Central 
canal 


Motor 
fibers 
Spinal 


\ we've 


at 6 weeks. (d) The central canal has reduced in size, and 
functional posterior and anterior horns have formed at9 
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FIGURE 15.29 


(a) A lumbar puncture is performed by inserting a needle between 
the third and fourth lumbar vertebrae (L3-L4) and 
(b) withdrawing cerebrospinal fluid from the subarachnoid space. 


suspects abnormalities involving the nervous system, fur- 
ther neurological tests are done, employing the following 
techniques. 

A lumbar puncture is performed by inserting a fine 
needle between the third and fourth lumbar vertebrae and 
withdrawing a sample of CSF from the subarachnoid space 
(fig. 15.29). A cisternal puncture is similar to a lumbar 
puncture, except that the CSF is withdrawn from the cis- 
terna magna, near the foramen magnum of the skull. The 
pressure of the CSF, which is normally about 10 mm of mer- 
cury, is measured with a manometer. Samples of CSF may 
also be examined for abnormal constituents. In addition, 
excessive fluids, accumulated as a result of disease or trauma, 
may be drained. 

The condition of the arteries of the brain can be de- 
termined through a cerebral angiogram. In this technique, 
a radiopaque substance ts injected into the common carotid 
arteries and allowed to disperse through the cerebral ves- 
sels. Aneurysms and vascular constrictions oF displacements 
by tumors may then be revealed on radiographs. 

The development of the CT scanner, or computerized 
axial tomographic scanner, revolutionized the diagnosis of 
brain disorders. More recently, the use of MRI, or magnetic 
resonance imaging, has immensely improved neurological 
diagnostic procedures. In MRI, a sharply detailed image ofa 
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patient’s brain or spinal cord is projected onto a television 
screen, enabling quick and accurate diagnoses of tumors, 
aneurysms, blood clots, and hemorrhage. MRI may also be 
used to detect certain types of birth defects, brain damage, 
scar tissue, and old or recent strokes. 

Another machine that also has greater potential than 
the CT scanner is the DSR, or dynamic spatial recon- 
structor. Like the CT scanner, the DSR is computerized to 
transform radiographs into composite video images. But the 
DSR is faster and presents a three-dimensional view. DSR 
can produce 75,000 cross-sectional images in 5 seconds, 
whereas CT can produce only one. At that speed, body func- 
tions as well as structures may be studied. For example, blood 
flow through blood vessels of the brain can be observed. 
This type of data is important in detecting early symptoms 
leading to a stroke or other disorders. 

Certain disorders of the brain may be diagnosed more 
simply by examining brain-wave patterns using an elec- 
troencephalogram. Sensitive electrodes placed on the scalp 
record particular EEG patterns being emitted from evoked 
cerebral activity. EEG recordings are used to monitor epilep- 
tic patients to predict seizures and determine proper drug 
therapy and also to monitor comatose patients. 

The extreme sensitivity of the nervous system to various 
drugs is fortunate, but is can also be potentially disastrous to 
a person. Drug abuse is a major clinical concern because of 
the addictive and devastating effect that certain drugs have 
on the nervous system. Much has been written on drug abuse, 
and it is beyond the scope of this text to elaborate on the ef- 
fects of the many drugs that are commonly abused. A positive 
aspect of drugs is their administration in medicine to tem- 
porarily interrupt the passage or perception of sensory im- 
pulses. Injecting an anesthetic drug near a nerve, as in 
dentistry, desensitizes a specific area and causes a nerve block. 
Nerve blocks of a limited extent occur if an appendage is 
cooled or if a nerve is compressed for a period of time. Be- 
fore the discovery of pharmacological drugs, physicians would 
frequently cool an affected appendage with ice or snow before 
performing surgery. General anesthetics affect the brain and 
render a person unconscious. A local anesthetic causes a 
nerve block by desensitizing a specific area. 


Mjuries 

Although the brain and spinal cord seem to be well pro- 
tected within a bony encasement, they are sensitive organs, 
highly susceptible to injury. 

Certain symptomatic terms are used when determin- 
ing possible trauma within the CNS. Headaches are the 
most common ailment of the CNS. Most headaches are due 
to dilated blood vessels with the meninges of the brain. 
Headaches are generally asymptomatic of brain disorders, 
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associated rather with physiological stress, eyestrain, or fa- 
tigue. Persistent and intense headaches may indicate a more 
serious problem such as a brain tumor. A migraine is a spe- 
cific type of headache commonly preceded or accompanied 
by visual impairments and gastrointestinal unrest. It is not 
known why only 5%-10% of the population periodically 
suffer from migraines or why they are more common in 
women. Fatigue, allergy, or emotional stress tends to trigger 
migraines. 

Fainting is a brief loss of consciousness that may result 
from a rapid pooling of blood in the lower extremities. It 
may occur when a person rapidly arises from a reclined po- 
sition, receives a blow to the head, or experiences an in- 
tense psychologic stimulus, such as viewing a cadaver for 
the first time. Fainting is of more concern when it is symp- 
tomatic of a particular disease. 

A concussion is a sudden movement of the brain 
caused by a violent blow to the head, which may or may not 
fracture bones of the skull. A concussion usually results ina 
brief period of unconsciousness followed by mild delirium, in 
which the patient is ina state of confusion. Amnesia is a 
more intense disorientation in which the patient suffers var- 
ious degrees of memory loss. 

A person who survives a severe head injury may be co- 
matose for a short or an extended period of time. A coma 
is a state of unconsciousness from which the patient cannot 
he aroused, even by the most intense external stimuli. The 
area of the brain most likely to cause a coma from trauma is 
the reticular activating system. Although a head injury is 
the most common cause of coma, chemical imbalances as- 
sociated with certain diseases (e.g., diabetes) or the ingestion 
of drugs or poisons may also be responsible. 

The flexibility of the vertebral column is essential for 
body movements, but because of this flexibility the spinal 
cord and spinal nerves are somewhat vulnerable to trauma. 
Falls or severe blows to the back are a common cause of in- 
jury. A skeletal injury, such as a fracture, dislocation, or 
compression of the vertebrae, usually traumatizes nervous 
tissue as well. Other frequent causes of trauma to the spinal 
cord include gunshot wounds, stabbings, herniated discs, 
and birth injuries. The consequences of the trauma depend 
on the location and severity of the injury and the medical 
treatment the patient receives. If nerve fibers of the spinal 
cord are severed, motor or sensory functions will be per- 


manently lost. 


amnesia L amnesia, forgettulness 
comatose Gk koma, deep sleep 


Paralysis is a permanent loss of motor control, usy4|); 
resulting from disease or a lesion of the spinal cord or speci 
nerves. Paralysis of both lower extremities is called para- 
plegia. Paralysis of both the upper and lower extremity oy 
the same side is called hemiplegia, and paralysis of all tou) 
extremities is quadriplegia. Paralysis may be flaccid or spas. 
tic. Flaceid (flak “sid) paralysis venerally results from a |e- 
sion of the anterior horn cells and is characterized by 
noncontractible muscles that atrophy. Spastic paralysis re- 
sults from lesions of the corticospinal tracts of the spinal 
cord and is characterized by hypertonicity of the skeletal 
muscles. 

Whiplash is a sudden hyperextension and flexion of 
the cervical vertebrae such as may occur during a rear-end 
automobile collision. Recovery from a minor whiplash (mus- 
cle and ligament strains) is generally complete but slow. Se- 
vere whiplash (spinal cord compression) may cause 
permanent paralysis to the structures below the level of 
injury. 


Disorders of the Nervous system 


Mental Illness = Mental illness is a major clinical consid- 
eration of the nervous system and is perhaps the least un- 
derstood. The two principal categories of mental disorders 
are neurosis and psychosis. In neurosis, a maladjustment to 
certain aspects of life interferes with normal functioning, 
but contact with reality is maintained. An irrational fear 
(phobia) is an example of neurosis. Neurosis frequently causes 
intense anxiety or abnormal distress that brings about in- 
creased sympathetic stimulation. Psychosis, a more serious 
mental condition, is typified by a withdrawal from reality 
and ts usually socially unacceptable. The more common 
forms of psychosis include schizophrenia, in which a person 
withdraws into a world of fantasy; paranoia, in which a per- 
son has systematized delusions often of a persecutory nature; 
and manic-depressive psychosis, in which a person's moods 
swing widely from intense elation to deepest despaur. 


Epilepsy Epilepsy is a relatively common brain disorder 
with a strong hereditary basis, but it also can be caused by 
head injuries, tumors, and childhood infectious diseases. It is 
sometimes idiopathic (without demonstrable cause). A per 
son with epilepsy may periodically suffer from an epileptic 
serzure, Which has various symptoms depending on the type 
of epilepsy. 


Cece rrcccccccccccccccncccesescccees 
paralysis Gk paralysis, loosening 
paraplegia. Gk para, beside, plessein. to strike 
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The most common kinds of epilepsy are petit mal, psy- 
chomotor epilepsy, and grand mal. Petit mal (pet ‘e-mal’) oc- 
curs almost exclusively in children between the ages of 3 
and 12. A child experiencing a petit mal seizure loses contact 
with reality for 5-30 seconds but does not lose CONSC1OUS- 
ness or have convulsions. There may, however, he slight un- 
controllable facial gestures or eye movements, and the child 
will stare, as if ina daydream. During a petit mal seizure, the 
thalamus and hypothalamus produce an extremely slow EEG 
pattern of 3 waves per second. Children with petit mal usu- 
ally outgrow the condition by age 9 or 10 and generally re- 
quire no medication. 

Psychomotor epilepsy is often confused with mental 
illness because of the symptoms characteristic of the seizure. 
During such a seizure, EEG activity accelerates in the tem- 
poral lobes, causing a person to become disoriented and lose 
contact with reality. Occasionally during a seizure, specific 
cerebral motor areas will cause involuntary lip smacking or 
hand clapping. If motor areas in the brain are not stimu- 
lated, a person having a psychomotor epileptic seizure may 
wander aimlessly until the seizure subsides. 

Grand mal is a more serious form of epilepsy charac- 
terized by periodic convulsive seizures that generally render 
a person unconscious. Grand mal epileptic seizures are ac- 
companied by rapid EEG patterns of 25-30 waves per sec- 
ond. This sudden increase of EEG patterns from the normal 
of about 10 waves per second may cause an extensive stim- 
ulation of motor units and, therefore, uncontrollable skele- 
tal muscle activity. During a grand mal seizure, a person loses 
consciousness, convulses, and may lose urinary bladder and 
bowel control. The unconsciousness and convulsions usu- 
ally last a few minutes, after which the muscles relax and 
the person awakes but remains disoriented fora short time. 

Epilepsy almost never affects intelligence and can he ef- 
fectively treated with drugs in about 85% of the patients. 


Cerebral Palsy 9 Cerebral palsy is a condition of motor dis- 
orders characterized by paresis (partial paralysis) and lack of 
muscular contraction. It is caused by damage to the motor 
areas of the brain during prenatal development, birth, or in- 
fancy. During neural development within an embryo, radiation 
or bacterial toxins (such as from German measles), transferred 
through the placenta of a pregnant mother, may cause cerebral 
palsy. Oxygen deprivation due to complications at birth and 
hydrocephalus ina newborn may also cause cerebral palsy. 
The three areas of the brain most severely affected by this 


PPP PRUE C CEOS OCOCOO SSCP PEEPS 
petit mal. L. pitinnus, small child: malus, bad 
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disease are the cerebral cortex, the basal nuclei, and the cere- 
bellum. The type of cerebral palsy is determined by the par- 
ticular region of the brain that is affected. 

Some degree of mental retardation occurs in 60%-70% 
of cerebral palsy victims. Partial blindness, deafness, and 
speech problems frequently accompany this disease. Cere- 
bral palsy is nonprogressive (i.e., these impairments do not 
worsen ay a person ages), but neither are there organic im- 


provements. 


Neoplasms of the CNS) Neoplasms of the CNS are either 
intracranial tumors, which affect cells within or associated 
with the braim, or they are intravertebral (intraspinal) tu- 
mors, which affect cells within or near the spinal cord. Pri- 
mary neoplasms develop within the CNS. Approximately 
half of these are benign, but they may become lethal because 
of the pressure they exert upon vital centers as they grow. 
Patients with secondary, or metastatic, neoplasms within 
the brain have a poor prognosis because the cancer has al- 
ready established itself in another body organ, frequently the 
liver, lung, or breast, and has only secondarily spread to the 
brain. The symptoms of a brain tumor include headache, 
convulsions, pain, paralysis, or a change in behavior. 

Neoplasms of the CNS are classified according to the 
tissues in which the cancer occurs. Tumors arising in neu- 
roglial cells are called gliomas (gle-o maz) and account for 
about one-half of all primary neoplasms within the brain. 
Gliomas are frequently spread throughout cerebral tissue, 
develop rapidly, and usually cause death within a year after 
diagnosis. Astrocytoma (as “tro-si-to ma), oligodendroglioma 
(ol “i-go-den “drog-li-o ma), and ependymoma (é-pen “d1- 
moma) are common types of gliomas. 

Meningiomas arise from meningeal coverings of the 
brain and account for about 15% of primary intracranial tu- 
mors. Meningiomas are usually benign if they can be treated 
readily. 

Intravertebral tumors are classified as extramedullary 
when they develop on the outside of the spinal cord and as 
intramedullary when they develop within the substance of 
the spinal cord. Extramedullary neoplasms may cause pain 
and numbness in body structures distant from the tumor as 
the growing tumor compresses the spinal cord. An in- 
tramedullary neoplasm causes a gradual loss of sensory per- 
ception and motor function below the spinal-segmental level 
of the affliction. 

Methods of detecting and treating cancers within the 
CNS have greatly improved in the last few years. Early de- 
tection and competent treatment have lessened the likeli- 
hood of death from this disease and reduced the probability 
of physical impairment. 
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Dyslexia [Dyslexia is a defect in the language center 
within the brain. In dyslexia, people reverse the order of 
letters in syllables, of syllables in words, and of words in 
sentences. The sentence: “The man saw a red dog,” for ex- 
ample might be read by the dyslexic as “A red god was the 
man.” Dyslexia is believed to result from the failure of one 
cerebral hemisphere to respond to written language, per- 
haps due to structural defects. Dyslexia can usually be over- 
come by intense remedial instruction in reading and 
writing. 


Meningitis § The nervous system is vulnerable to a variety 
of organisms and viruses that may cause abscesses or infec- 
tions. Meningitis is an infection of the meninges. It may be 
confined to the spinal cord, in which case it is referred to 
as spinal meningitis, or it may involve the brain and asso- 
ciated meninges, in which case it is known as encephalitis or 
encephalomyelitis (en-sef“a-lo-mi-li-‘tis), respectively. 
The microorganisms that most commonly cause meningitis 
are Meningococci, streptococci, pneumococci, and tubercle 
bacilli. Viral meningitis is more serious than bacterial menin- 
gitis. Nearly 20% of viral encephalitides are fatal. The or- 
ganisms that cause meningitis probably enter the body 
through respiratory passageways. 


Poliomyelitis Poliomyelitis, or infantile paralysis, is pri- 
marily a childhood disease caused by a virus that destroys 
nerve cell bodies within the anterior horn of the spinal cord, 
especially those within the cervical and lumbar enlarge- 
ments. This degenerative disease is characterized by fever, 
severe headache, stiffness and pain, and the loss of certain so- 
matic reflexes. Muscle paralysis follows within several weeks, 
and eventually the muscles atrophy. Death results if the virus 
invades the vasomotor and respiratory nuclei within the 
medulla oblongata or anterior horn cells controlling respi- 
ratory muscles. Poliomyelitis has been effectively controlled 


with immunization. 


Syphilis Syphilis is a sexually transmitted disease that, if 
untreated, progressively destroys body organs. When syphilis 
causes organ degeneration, it is said to be in the tertiary stage 


dyslexia: Gk.. dys, bad, /exis, speech 
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(10 to 20 years after the primary infection). The organs of 
the nervous system are frequently infected, causing a condition 
called neurosyphilis. Neurosyphilis is classified according to 
the tissue involved, and the symptoms vary correspondingly, 
If the meninges are infected, the condition is termed chronic 
meningitis. Tabes dorsalis is a form of neurosyphilis in which 
there is a progressive degeneration of the posterior funiculi 
of the spinal cord and posterior roots of spinal nerves. Motor 
control is gradually lost, and patients eventually become 
bedridden, unable even to feed themselves. 


Degenerative Diseases of the Nervous system 


Degenerative diseases of the CNS are characterized by a 
progressive, symmetrical deterioration of vital structures 
of the brain or spinal cord. The etiologies of these diseases 
are poorly understood, but it is thought that most of them 


are genetic. 


Cerebrovascular Accident (CVA) Cerebrovascular acci- 
dent is the most common disease of the nervous system. It is 
the third highest cause of death in the Unired States and 
perhaps the major cause of disability. The term stroke is fre- 
quently used synonymously with CVA, but actually a stroke 
refers to the sudden and dramatic appearance of a neuro- 
logical defect. Cerebral thrombosis, in which a thrombus, 
or clot, forms in an artery of the brain, is the most common 
cause of CVA. Other causes of CVA include intracerebral 
hemorrhages, aneurysms, atherosclerosis, and arteriosclero- 
sis of the cerebral arteries. 

Patients who recover from CVA frequently suffer par- 
tial paralysis and mental disorders, such as loss of language 
skills. The dysfunction depends upon the severity of the 
CVA and the regions of the brain that were injured. Patients 
surviving a CVA can often be rehabilitated, but approxi- 
mately two-thirds die within 3 years of the initial damage. 


Syringomyelia Syringomyelia (st-ring“go-mi-e ‘le-it) is a 
relatively uncommon condition characterized by the ap- 
pearance of cystlike cavities, called syringes, within the gray 
matter of the spinal cord. These syringes progressively de- 
stroy the cord from the inside out. Syringomyelia is a 
chronic, slow-progressing disease of unknown cause. As the 
spinal cord deteriorates, the patient experiences muscular 
weakness and atrophy and sensory loss, particularly of the 
senses of pain and temperature. 
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Chapter summary 


Characteristics of the Central Nervous 
System (pp. 376-380) 


Le 


The central nervous system (CNS) 
consists of the brain and spinal cord and 
contains gray and white matter. It is 
covered with meninges and is bathed in 
cerebrospinal fluid 

The tremendous metabolic rate of the 
1.5-kg brain requires a continuous flow of 
blood, amounting to approximately 20% 
of the total cardiac output. 


Cerebrum (pp. 380-390) 


1: 


The cerebrum, consisting of two 
convoluted hemispheres, is concerned 
with higher brain functions, such as the 
perception of sensory impulses, the 
instigation of voluntary movement, the 
storage of memory, thought processes, 
and reasoning ability. 


. The cerebral cortex of the cerebral 


hemispheres is convoluted with gyri and 
sulci. 


. Each cerebral hemisphere contains 


frontal, parietal, temporal, occipital, and 
insula lobes. 


. Brain waves generated by the cerebral 


cortex are recorded as an 
electroencephalogram and may provide 
valuable diagnostic information. 

The white matter of the cerebrum 
consists of association, commissural, and 
projection fibers. 

Basal nuclei are specialized masses of 
gray matter located within the white 
matter of the cerebrum. 

The motor speech area, Wernicke's area, 
the arcuate fasciculus, and the angular 
gyrus are the language areas of the brain 
and are generally located in the cerebral 
cortex of the left hemisphere. 

The consolidation of memory requires 
protein synthesis and probably involves 
changes in the chemical structure and 
function of synapses 


Diencephalon (pp. 390-392) 


1 


2 


The diencephalon is a major autonomic 
region of the brain 

The thalamus 1s an ovoid mass of gray 
matter that functions as a relay center for 
sensory impulses and responds to pain. 


3. 


The hypothalamus is an aggregation of 
specialized nuclei that regulate many 
visceral aCtivities. It also performs 
emotional and instinctual functions. 


4. The epithalamus contains the pineal gland 


and the vascular choroid plexus over the 
roof of the third ventricle. 


Mesencephalon (p. 392) 


1. 


The mesencephalon contains the corpora 
quadrigemina, the cerebral peduncles, 
and specialized nuclei that help to control 
posture and movement. 

The superior colliculi of the corpora 
quadrigemina are concerned with visual 
reflexes: the inferior colliculi are 
concerned with auditory reflexes. 

The red nucleus and the substantia nigra 
are concerned with motor activities. 


Metencephalon (pp. 393-394) 


1. 


The pons consists of fiber tracts 

connecting the cerebellum and medulla 

oblongata to other structures of the brain. 

The pons also contains nuclei for certain 

Cranial nerves and the regulation of 

respiration. 

The cerebellum consists of two 

hemispheres connected by the vermis 

and supported by three paired cerebellar 

peduncles 

a. The cerebellum is composed of a 
white matter tract called the arbor 
vitae, Surrounded by a thin convoluted 
cortex of gray matter. 

b. The cerebellum is concerned with 
coordinated contractions of skeletal 
muscle. 


Myelencephalon (pp. 394-396) 


1: 


The medulla oblongata is composed of 
the ascending and descending tracts of 
the spinal cord and contains nuclei for 
several autonomic functions 

The reticular formation functions as the 
reticular activating system in arousing the 
cerebrum 


Meninges of the Central Nervous System 
(pp. 396-398) 


1. 


The cranial dura mater consists of an 
Outer periosteal layer and an inner 
meningeal layer The spinal dura mater is 
a single layer surrounded by the vascular 
epidural space 


2. The arachnoid mater is a netlike meninx 


surrounding the subarachnoid space. The 
subarachnoid space contains 
cerebrospinal fluid. 

The thin pia mater adheres to the contour 
of the CNS. 


Ventricles and Cerebrospinal Fluid 
(pp. 398-401) 


ie 


The lateral (first and second), third, and 
fourth ventricles are interconnected 
chambers within the brain that are 
continuous with the central canal of the 
spinal cord. 

These chambers are filled with 
cerebrospinal fluid, which also flows 
throughout the subarachnoid space. 
Cerebrospinal fluid is continuously 
secreted by the choroid plexuses and is 
absorbed into the blood at the arachnoid 
vill. 


Spinal Cord (pp. 401-407) 


1, 


The spinal cord is composed of 31 

segments, each of which gives rise to a 

pair of spinal nerves 

a. It is characterized by a cervical 
enlargement, a lumbar enlargement, 
and two longitudinal grooves that 
Partially divide it into right and left 
halves 

b. The conus medullaris is the terminal 
portion of the spinal cord and the 
Cauda equina are nerve roots that 
radiate inferiorly from that point. 


2. Ascending and descending spinal cord 


tracts are referred to as funiculi 

a. Descending tracts are grouped as 
either corticospinal (pyramidal) or 
extrapyramidal 

b. Many of the fibers in the funiculi 
decussate (Cross over) in the spinal 
cord or in the medulla oblongata 


Central Nervous System 
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Review Activities 


Objective Questions 


1. 


Which of the following is nota lobe of the 
cerebrum? 


a. Parietal d. insula 
b. sphenoid e. occipital 
c. temporal 


. The principal connection between the 


cerebral hemispheres is 
the corpus callosum. 
the pons. 

the intermediate mass. 
the vermis. 

e. the precentral gyrus 


aogoe 


. Which of the following structures of the 


brain is most directly involved in the 
autonomic response to pain? 

a. pons 

b. hypothalamus 

c. medulla oblongata 

d. thalamus 


. Which statement is false concerning the 


basal nuclei? 
a. They are located within the cerebrum. 


b. They regulate the basal metabolic rate. 


c. They consist of the caudate nucleus, 
lentiform nucleus, putamen, and 
globus pallidus. 

d. They indirectly exert an inhibitory 
influence on lower motor neurons. 


. In which region of the brain are the 


corpora quadrigemina, red nucleus, and 
substantia nigra located? 

a. diencephalon 

b. metencephalon 

c. mesencephalon 

d. myelencephalon 


6. 


7. 


9. 


10. 


The fourth ventricle is contained within 

a. the cerebrum. 

b. the cerebellum. 

c. the midbrain. 

d. the metencephalon. 

The right cerebral cortex controls 

voluntary movements on the left side of 

the body because 

a. most people are right-handed. 

b. the right hemisphere dominates. 

Cc. many of the fibers in the funiculi 
decussate in the medulla oblongata. 

d_ there is distinct cerebral specialization 
of hemispheres. 

A patient experiencing a fluctuating body 

temperature, lack of hunger and thirst, 

and psychosomatic disorders may have a 

malfunctioning 

a. hypothalamus. 

b. midbrain. 

c. cerebellum. 

d. medulla oblongata. 

Spinal cord tracts that descend from the 

cerebral cortex to the lower motor 

neurons without synaptic interruption are 

called 

a. reticulospinal tracts. 

b. corticospinal tracts. 

c. rubrospinal tracts. 

d. vestibulospinal tracts. 

The disease characterized by the 

destruction of the myelin sheaths of 

neurons in the CNS and the formation of 

plaques is 

a. syringomyelia. 


b. neurosyphilis. 
c. poliomyelitis. 
d. multiple sclerosis. 


Essay Questions 


1. 


10. 


List the types of brain waves recorded on 
an electroencephalogram, and explain the 
diagnostic value of each. 


_ List the functions of the hypothalamus 


Why is the hypothalamus considered a 
major part of the autonomic nervous 
system? 

What structures are found within the 
midbrain? List the nuclei located in the 
midbrain, and give the function of each 
Describe the location and structure of the 
medulla oblongata List the nuclei found 
within this structure. What are the 
functions of the medulla oblongata? 
What is cerebrospinal fluid? Where Is it 
produced and what is its pathway of 
circulation? 

What do the following abbreviations stand 
for? EEG, ANS, CSF, PNS, RAS, CT scan, 
MS, DSR, and CVA. 

Describe the various techniques available 
for conducting a neurological 
assessment. 

Define the various psychological terms 
used to describe mental illness. 

What is epilepsy? What causes it and how 
is it controlled? 

What do meningitis, poliomyelitis, and 
neurosyphilis have in common? How do 
these conditions differ? 
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objectives cocevecsoseosasongenesenennna 


© Define peripheral nervous system and distinguish 
between sensory, motor, and mixed nerves. 


* List the 12 pairs of cranial nerves and describe the 
location and function of each. 


© Describe the clinical methods for determining erable 
nerve dysfunction. 


¢ Explain how the spinal nerves are grouped. 
© Describe the general distribution of a spinal nerve. 


¢ List the spinal nerve composition of each of the 
plexuses arising from the spinal cord. 


¢ List the principal nerves that emerge from the 
plexuses and describe their general innervation. 


¢ Define reflex arc and list its five components. 
¢ Distinguish between the various kinds of reflexes. 
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Chapter Sixteen 


Inteoudetion to the Perinferal 


fervous oystem 


The peripheral nervous system convsts of receptors that respond to 
stumult and of nerves that convey impulses to and from the central 
nervous system. 


The peripheral nervous system (PNS) is that portion of 
the nervous system outside the central nervous system. The 


FIGURE 16.1 


The penpheral nervous system consists of 
cranial nerves, spinal nerves, plexuses, 
ganglia (not shown), and peripheral nerves. 


Plexuses 
Cervical 


Brachial 


Lumbar 


Sacral 


Some peripheral nerves 


Ulnar 
Median 


Radial 


Lateral femoral 
cutaneous 


Femoral 


Sciatic 


@ 
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PNS functions to convey impulses to and from the brain or 
spinal cord. Sensory receptors within the sensory organs, 
neurons, nerves, ganglia, and plexuses are all part of the 
PNS, which serves virtually every part of the hi dy (fig. 16.1). 
The sensory receptors are discussed in chapter 18. 

The nerves of the PNS are classified as cranial nerves 
or spinal nerves, depending on whether they arise from the 
brain or the spinal cord. The term sensory nerve, motor nerve, 
and mixed nerve relate to the direction in which the nerve 
impulses are being conducted. Sensory nerves consist of 
sensory (afferent) neurons that convey impulses toward the 
CNS. Motor nerves consist of motor (efferent) neurons that 


Cranial nerves (12 pairs) 


Spinal nerves 


Cervical (8 pairs) 


Thoracic (12 pairs) 


Lumbar (5 pairs) 


Sacral (5 pairs) 


Coccygeal (1 pair) 


/_ 
Nerve fiber —— ieeeemoes 


Blood vessel 


— ocyreeo 
Ors Soy 


Fascicle 


FIGURE 16.2 


A scanning electron micrograph of a spinal nerve seen in cross 
section (about 1000x). 

From Tissues and Organs: A Text-Atlas of Scanning Electron 
Microscopy, by R. G. Kessel and R. Kardon. © 1979 W. H. 
Freeman and Company. 


Olfactory bulb 


Olfactory tract 


Optic chiasma 


——_ if AT Fi to 
Optic tract ‘ 7 


Abducens (VI) 
Facial (Vil) 


Hypogiossal (X 


Accessory (XI) 


FIGURE 16.3 


The cranial nerves. 
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convey impulses away from the CNS. Mixed nerves are com- 
posed of both sensory and motor neurons and therefore con- 
vey impulses in both directions. The reflexes considered in 
this chapter involve sensory and motor nerves of the PNS 
and specific portions of the CNS. A cross section of a spinal 
nerve is depicted in figure 16.2. 


Twelve pairs of cranial nerves emerge from the infertor surface of the 
brain and pass through the foramina of the skull to mnervate structures 
in the head, neck, and visceral organs of the trunk. 


Structure and Function of the Cranial Nerves 


Of the 12 pairs of cranial nerves, 
brain and 10 pairs arise from the midbrain and brain stem (fig. 
16.3). The cranial nerves are designated by Roman numerals 
and names. The Roman numerals refer to the order in which 
the nerves are positioned from the front of the brain to the 
back. The names indicate the structures innervated or the 
principal functions of the nerves. A summary of the cranial 
nerves is presented in table 16.1, and the locations of the nu- 
clei from which they arise are illustrated in figure 15.17. 


2 pairs arise from the fore- 


Olfactory (I) 


Optic (li) 

ee Wg i ee (ill) 
Trochiear (IV) 
Trigeminal (V) 
Vestibulocochiear (Vitl) 
Glossopharyngeal (IX) 


Vagus (X) 


——4 Krabach 
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Table 16.1 


Number 
and name 


Foramen 
transmitting 


| Olfactory Foramina in cribriform 
plate of ethmoid bone 
~ I Optic Optic canal 
a 
M1 Oculomotor Superior orbital fissure 
Va rochlear Superior orbital fissure 
V Trigeminal 


Superior orbital fissure 


Foramen rotundum 


Mandibular nerve —_ Foramen ovale 


Superior orbital fissure 


1 Stylomastord foramen 


Summary of the cranial nerves 


Composition 


Sensory 


Sensory 
Motor 


Motor: parasympathetic 


Sensory: proprioception 
Motor 


Sensory: proprioception 


Sensory 


Sensory 
Sensory 


Sensory: proprioception 


Motor 


Motor 
Sensory: proprioception 


Motor 


Motor: 
parasympathetic — 


Although most crantal nerves are mixed, some are as- 


sociated with special senses and consist of sensory neurons 
only. The cell bodies of sensory neurons are located in gan- 


ghia outside the brain. 


ia) 
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Location of 
cell bodies 


Bipolar cells in 
nasal mucosa 


Ganglion cells of retina 
Oculomotor nucleus 


Trochlear nucleus 


Trigeminal ganglion 


Trigeminal ganglion 


Trigeminal ganglion 


Motor trigeminal nucleus 


Abducens nucleus 


Motor facial nucleus 


Superior salivatory 
nucleus 


Function — 


Olfaction 


Vision 

Motor impulses to levator palpebrae 
superioris and extrinsic eye muscles 
except superior oblique and lateral 
rectus 


Innervation to muscles that regulate 
amount of light entering eye and that 
focus the lens 


Proprioception from muscles 
innervated with motor fibers 


Motor impulses to superior oblique 
muscle of eyeball 


Proprioception from superior 
oblique muscle of eyeball 


Sensory impulses from cornea, skin 
of nose, forehead, and scalp 


Sensory impulses from nasal 
mucosa, upper teeth and gums, palate, 
upper lip, and skin of cheek 


Sensory impulses from temporal 
region, tongue, lower teeth and gum, 
and skin of chin and lower jaw 


Proprioception from muscles of 
mastication 


Motor impulses to muscles of 
mastication and muscle that tenses 
tympanum 


Motor impulses to lateral rectus 
muscle of eyeball 


Proprioception from lateral rectus 
muscle of eyeball 


Motor impulses to muscles of facial 
expression and muscle that tenses the 
stapes 


Secretion of tears from lacrimal 


gland and salivation from sublingual 


} 


Generations of anatomy students have used a 
mnemonic device to help them remember the order in 
which the cranial nerves emerge from the brain: “On old 
Olympup's towering top, a Finn and German viewed a hop.” 


Foramen 
transmitting 


VII Facial 
(continued) 

Vl Internal acoustic 
Vestibulocochlear meatus 
IX Glossopharyngeal Jugular foramen 
X Vagus Jugular foramen 
XI Accessory Jugular foramen 
XII Hypoglossal Hypoglossal canal 


reer) a 


Composition 


Sensory 


Sensory: proprioception 


Sensory 


Motor 
Sensory: proprioception 


Sensory 


Parasympathetic 
Motor 


Sensory: proprioception 


Sensory 


Motor: parasympathetic 
Motor 


Sensory: proprioception 


Motor 


Sensory: proprioception , 


The initial letter of each word in this jingle corresponds 
to the initial letter of each pair of cranial nerves. A prob- 
lem with this classic verse ts that the eighth crantal nerve 
represented by and in the yingle, which used to be reterred 


Location of 
cell bodies 


Geniculate ganglion Senory impulses from taste buds o! 
anterior two-thirds of tongue, n 
and palatal sensation 


4. 
Proprioception from muscles of 
facial expression 


Vestibular ganglion Sensory impulses associated with 
equilibrium 


yp 


Spiral ganglion Sensory impulses associated with 
hearing F, 
Nucleus ambiguus Motor impulses to muscles 0 
pharynx used in swallowing 


Petrosal ganglion Proprioception from muscles | of 
pharynx ; 
Petrosal ganglion Sensory impulses from taste bud 
on posterior one-third of tongue 
pharynx, middle-ear cavity, and 
Carotid sinus 1 


Inferior salivatory nucleus _—_Salivation from parotid gland 


Nucleus ambiguus Contraction of muscles of pharyn: 
(swallowing) and larynx (phonati 


Peripheral Nervous System 


Proprioception from visceral 
muscles 


Nodose ganglion Sensory impulses from taste bud 
on rear of tongue; sensations f 
auricle of ear; general visceral 


sensations 
Dorsal motor nucleus Regulate visceral motility 
Nucleus ambiguus Laryngeal movement; soft pala’ 
Accessory nucleus Motor impulses to trapezius 


sternocleidomastoid muscl es | ‘ 
movement of head. neck, and 
shoulders 


Proprioception trom muscles th 

move head, neck, and shoulde 

Hypoglossal nucleus Motor impulses to intrinsic ant 
extrinsic muscles of tongue 

infrahyoid muscles 


Saas LC: 


to as auditory, ts currently recognized as the vestibulo- 
cochlear cranial nerve. Hence, the following topical 
mnemonic: “On old Olympus’s towering top, a fat vicious 
goat vandalized a hat.” 
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| Olfactory Nerve Actu- 
ally, numerous olfactory 
nerves relay sensory im- 
pulses of smell from the 
mucous membranes of the 
nasal cavity (fig. 16.4). OL 
factory nerves are com- 
posed of bipolar neurons 
that function as chemore- 


Olfactory tract 
Olfactory bulb 
ceptors, responding to vol- 
atile chemical particles 
breathed into the nasal 


Cribriform plate 


cavity. The dendrites and cece 
cell bodies of olfactory nerve 


Neurons are positioned 
within the mucosa, pri- 
marily that which covers 
the superior nasal conchae 
and adjacent nasal septum. 
The axons of these neurons 
pass through the cribriform 
plate of the ethmoid bone 
to the olfactory bulb 
where synapses are made, 


Chapter Sixteen 


and the sensory impulses 


are passed through the ol- 
factory tract to the pri- 
mary olfactory area in the FIGURE 16.4 


cerebral cortex. The olfactory nerve. 


Moon 


I Optic Nerve = The optic nerve, another sensory nerve, 
conducts impulses from the photoreceptors (rods and cones) 
in the retina of the eye. Each optic nerve is composed of an 
estimated 1.25 million nerve fibers that converge at the back 
of the eyeball and enter the cranial cavity through the optic 
canal. The two optic nerves unite on the floor of the dien- 
cephalon to form the optic chiasma (ki-as ma) (fig. 16.5). 
Nerve fibers that arise from the medial half of each retina 
cross at the chiasma to the opposite side of the brain, 


Eyeball 
Retina 


Optic nerve 


Optic chiasma 


Optic tract 


Lateral 
geniculate 
nucleus of 
thalamus 


whereas fibers arising from the lateral half remain on the 
same side of the brain. The optic nerve fibers pass posteriorly 
from the optic chiasma in the optic tracts. The optic tracts 
lead to the thalamus, where a majority of the fibers terminate 
within certain thalamic nuclei. A few of the ganglion-cell 


axons that reach the thalamic nuclet have collaterals that 
Visual cortex 


convey impulses to the superior colliculi, Synapses within 
the thalamic nuclei, however, permit impulses to pass 


through neurons to the visual cortex within the occipital FIGURE 16.5 
The optic nerve. 


olfactory L o/facere smell out 
optic: L. optica, see 
chiasma Gk chiasma, an X-shaped arrangement 
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Trochlea 
Supenior oblique 
Levator palpebrae superioris 


Lateral rectus (cut) 


Inferior rectus 
Optic nerve 


Inferior oblique 


FIGURE 16.6 


The oculomotor, trochlear, and abducens cranial nerves. 


lobes. Other synapses permit impulses to reach the nuclei 
for the oculomotor, trochlear, and abducens nerves, which 
regulate intrinsic (internal) and extrinsic (from orbit to eye- 
ball) eye muscles. The visual pathway into the eyeball func- 
tions reflexively to produce motor responses to light stimuli. 
If an optic nerve is damaged, the eyeball served by that nerve 
is blinded. 


Il Oculomotor Nerve impulses through the oculomotor 
nerve produce certain extrinsic and intrinsic movements of 
the eyeball. The oculomotor is primarily a motor nerve that 
arises from nuclei within the midbrain. It divides into supe- 
rior and inferior branches as it passes through the superior or- 
biral fissure in the orbit (fig. 16.6). The superior branch 
innervates the superior rectus eye muscle, which moves 
the eyeball superiorly, and the levator palpebrae (le-va ‘tor 
pal ‘pé-bre) superioris muscle, which raises the upper eye- 
lid. The inferior branch innervates the medial rectus, infe- 
rior rectus, and inferior oblique eye muscles for medial, 
inferior, and superior and lateral movement of the eyeball, 
respectively. In addition, fibers from the inferior branch of 
the oculomotor nerve enter the eyeball to supply autonomic 
motor innervation to the intrinsic smooth muscles of the 


iris for pupil constriction and to the muscles within the cil- 


iary body for lens accommodation. 

. A few sensory fibers of the oculomotor nerve originate 
from proprioceptors within the intrinsic muscles of the eye- 
hall. These fibers convey impulses that atfect the position 
ity of the muscles they serve. A person whose ocu- 


and acti 
a drooping upper eyelid 


lomotor nerve is damaged may have 
or a dilated pupil or be unable to move the eyeball in the 


directions permitted by the four extrinsic muscles inner- 


vated by this nerve. 
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IV Trochlear) The trochlear nerve is a very small mixed 
nerve that emerges from a nucleus within the midbrain and 
passes from the cranium through the superior orbital fissure 
of the orbit. The trochlear nerve innervates the superior 
oblique muscle of the eyeball with both motor and sensory 
fibers (fig. 16.6). Motor impulses to the superior oblique 
muscle cause the eyeball to rotate downward and away from 
the midline. Sensory impulses originate in proprioceptors 
of the superior oblique muscle and provide information about 
its position and activity. Damage to the trochlear nerve im- 
pairs movement in the direction permitted by the superior 


oblique eye muscle. 


V Trigeminal The large trigeminal nerve is a mixed nerve 
with motor functions originating from the nuclei within 
the pons and sensory functions terminating in nuclei within 
the midbrain, pons, and medulla oblongata. Two roots of 
the trigeminal nerve are apparent as they emerge from the 
ventrolateral side of the pons (see fig. 16.3). The larger sen- 
sory root immediately enlarges into a swelling called the 
trigeminal (gasserian) ganglion, located in a bony depres- 
sion on the inner surface of the petrous part of the tempo- 
ral bone. Three large nerves arise from the trigeminal 
ganglion (fig. 16.7): the ophthalmic nerve enters the orbit 
through the superior orbital fissure; the maxillary nerve ex- 
tends through the foramen rotundum; and the mandibular 
nerve passes through the foramen ovale. The smaller motor 
root consists of motor fibers of the trigeminal nerve that 
accompany the mandibular nerve through the foramen 
ovale and innervate the muscles of mastication and certain 
muscles in the floor of the mouth. Impulses through the 
motor portion of the mandibular nerve of the trigeminal 
ganglion stimulate contraction of the muscles involved in 
chewing, including the medial and lateral pterygoid, mas- 
seter, temporalis, and mylohyoid muscles and the anterior 
belly of the digastric muscle. 

Although the trigeminal is a mixed nerve, its sensory 
functions are much more extensive than its motor functions. 
The three sensory nerves of the trigeminal nerve respond to 
touch, temperature, and pain sensations from the face. More 
specifically, the ophthalmic nerve consists of sensory fibers 
from the anterior half of the scalp, skin of the forehead, 
upper eyelid, surface of the eyeball, lacrimal (tear) gland, 
side of the nose, and upper mucosa of the nasal cavity. The 
maxillary nerve is Composed of sensory fibers from the lower 
eyelid, lateral and inferior mucosa of the nasal cavity, palate 
and portions of the pharynx, teeth and gums of the upper 


Cece een en cece cecnresesesesenesens 
trochlear. Gk frochos, a wheel 

trigeminal Lo trigemaus. three born together 

gassenian ganglion trom Johann L Gasser, Viennese anatomist, eighteenth century 
ophthalmic: L. ophthaimia. region of the eye 
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FIGURE 16.7 
The trigeminal nerve 
and its branches. 
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jaw, upper lip, and skin of the cheek. Sensory fibers of the 
mandibular nerve transmit impulses from the teeth and gums 
of the lower jaw, anterior two-thirds of the tongue (but do 
not serve the sense of taste), mucosa of the mouth, auricle of 
the ear, and lower part of the face. Trauma to the trigeminal 
nerve results ina lack of sensation from specific facial struc- 
tures. Damage to the mandibular nerve impairs chewing. 


The trigeminal nerve ts the principal nerve relating to 
the practice of dentistry Before teeth are filled or 
extracted, anesthetic 1s injected into the appropriate 
nerve to block sensation. A maxillary. or second- 
division. nerve block performed by injecting near the 
sensitizes the teeth 
vision, nerve block 


sphenopalatine ganglion (see fig. 16.7), d 
in the upper jaw. A mandibular or third-di 
desensilizes the lower teeth. This 1s performed by injecting 

the infenor alveolar branch of the mandibular 


ane sthetic into 
nerve where It enters the man lible through the mandibular 
foramen 


Vi Abducens The small abducens nerve originates from a 
nucleus within the pons and emerges trom the lower portion 
of the pons and the anterior be der of the medulla oblongata. 
Iris amixed nerve that traverses the superior orbital fissure of 
the orbit co mmersare the lateral rectus eye muscle (see tie. 
16.6). Impulses through the motor thers of the abducens nerve 
cause the lateral rectus eye muscle to contract and the eye- 
ball to move larerally away trom the midline. Sensory im- 
pulses through the abducens nerve ofginate in proprioceptors 


Supraorbital nerve 


External nasal branch of 
antenor elhmoidal nerve 
Zygomatic nerve 
Infraorbital nerve 


Alveolar branches of 
infraorbital nerve 


Mental nerve 


in the lateral rectus eye muscle and are conveyed to the pons, 
where muscle contraction is mediated. If the abducens nerve 
is damaged, not only will the patient be unable to turn the 
eyeball laterally, but because of the lack of muscle tonus to 
the lateral rectus, the eyeball will be pulled medially. 


Vil Facial § The facial nerve arises from nuclei within the 
lower portion of the pons, traverses the petrous part of the 
temporal bone (see fig. 16.9), and emerges on the side of 
the face near the parotid gland. The facial nerve is mixed. 
Impulses through the motor fibers cause contraction of the 
posterior belly of the digastric muscle and the muscles of fa- 
cial expression, including the sealp and platysma muscles 
(fig. 16.8). The submandibular and sublingual glands also 
receive some autonomic motor innervation from the factal 
nerve, as does the lacrimal gland. 

Sensory fibers of the facial nerve arise from taste buds 
on the antenor two-thirds of the tongue. Taste buds function 
as chemoreceptors because they respond to specific chemical 
smut. The geniculate ganglion is the enlargement of the fa: 
cial nerve just betore the sensory Portion enters into the pons: 
Sensory sensations of taste are conveyed into nucler within 
the medulla oblongata through the thalamus, and finally to 
the gustatory (taste) area of the cerebral cortex of the insula 

Trauma to the facial nerve results in inability to con 
tract facial muscles on the affected side of the face and dis- 
torts Gaiste perception, particul nly of sweets. The affected 
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FIGURE 16.8 


The facial nerve and its superficial branches. 


FIGURE 16.9 


The vestibulocochlear nerve. 


Downloaded from Durr-e-Danish, 


side of the face tends to sag because muscle tonus ts lost. 
Bell's palsy is a functional disorder (probably of viral origin) 
of the facial nerve. 


Vill Vestibulocochlear = The vestibulocochlear nerve, also 
referred to as the auditory nerve or the acoustic nerve, 
serves structures contained within the skull. It is the only 
cranial nerve that does not exit the cranium through a fora- 
men. A purely sensory nerve, the vestihulocochlear is com- 
posed of two nerves that arise within the inner ear (fig. 16.9). 
The vestibular nerve arises from the vestibular organs as- 
sociated with equilibrium and balance. Bipolar neurons from 
the vestibular organs (saccule, utricle, and semicircular 
ducts) extend to the vestibular ganglion, where cell bodies 
are contained. From there, fibers convey impulses to the 
vestibular nuclei within the pons and medulla oblongata. 
Fibers from there extend to the thalamus and the cerebellum. 
The cochlear nerve arises from the spiral organ (organ 
of Corti) within the cochlea and is associated with hearing. 
The cochlear nerve is composed of bipolar neurons that con- 
vey impulses through the spiral ganglion to the cochlear 
nuclei within the medulla oblongata. From there, fibers ex- 
tend to the thalamus and synapse with neurons that convey 
the impulses to the auditory areas of the cerebral cortex. 


Bell's palsy: from Sir Charles Bell, Scottish physician, 1774-1842 
vestibulocochlear: L. vestibulum, chamber; cochlea, snail shell 
organ of Corti: from Alfonso Corti, Italian anatomist, 1822-88 
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FIGURE 16.10 


The glossopharyngeal nerve. 


Injury to the cochlear nerve results in perception deaf- 
ness, whereas damage to the vestibular nerve causes dizzi- 
ness and an inability to maintain balance. 


IX Glossopharyngeal The glossopharyngeal nerve is a 
mixed nerve that innervates part of the tongue and phar- 
ynx (fig. 16.10). The motor fibers of this nerve originate in 
a nucleus within the medulla oblongata and pass through 
the jugular foramen. The motor fibers innervate the mus- 
cles of the pharynx and the parotid gland to stimulate the 
swallowing reflex and the secretion of saliva. 

The sensory fibers of the glossopharyngeal nerve arise 
from the pharyngeal region, the parotid gland, the middle-ear 
cavity, and the taste buds on the posterior one-third of the 
tongue. These taste buds, like those innervated by the facial 
nerve, are chemoreceptors. Some sensory fibers also arise from 
sensory receptors within the carotid sinus of the neck and 
help regulate blood pressure. [mpulses from the glossopha- 
ryngeal nerve travel through the medulla oblongata and into 
the thalamus, where they synapse with fibers that convey the 
impulses to the gustatory area of the cerebral cortex. 

Damage to the glossopharyngeal nerve results in the 
loss of perception of bitter and sour taste from taste buds on 
the posterior portion of the tongue. If the motor portion of 
this nerve is damaged, swallowing becomes difficult. 


X Vagus The vagus nerve has motor and sensory fibers that 
innervate visceral organs of the thoracic and abdominal cav- 
ities (fig. 16.11). The motor portion arises from the nucleus 


glossopharyngeal: L. g/ossa, tongue; Gk. pharynx, throat 
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and dorsal motor nucleus of the vagus within ¢)\ 
medulla oblongata and passes through the jugular forany; 
The vagus is the longest of the cranial nerves, and throus! 
various branches it innervates the muscles of the pharynx, |: 
ynx, respiratory tract, lungs, 
viscera, with the exception of the 
intestine. One motor branch of the 
, innervates the larynx, enabling speech 
vagus convey impulses from es- 
or fibers. Impulses 


ambiguus 


heart, esophagus, and abdominal 
lower portion of the large 
vagus nerve, the recur- 


rent laryngeal nerve 

Sensory fibers of the v 
sentially the same organs served by mot 
through the sensory fibers relay specific sensations such as 
hunger pangs, distension, intestinal discomfort, or laryngeal 
movement. Sensory fibers also arise from proprioceptors in 
the muscles innervated by the motor fibers of this nerve. 

If both vagus nerves are seriously damaged, death en- 
sues rapidly because vital autonomic functions stop. The in- 
jury of one nerve causes vocal impairment, difficulty in 
swallowing, or other visceral disturbances. 


Xl Accessory The accessory nerve is principally a motor 
nerve, but it does contain some sensory fibers from proprio- 
ceptors within the muscles it innervates. The accessory nerve 
is unique in that it arises from both the brain and the spinal 
cord (fig. 16.12). The cranial root arises from nuclei within 
the medulla oblongata (ambiguus and accessory), passes 
through the jugular foramen with the vagus nerve, and in- 
nervates the skeletal muscles of the soft palate, pharynx, 
and larynx, which contract reflexively during swallowing. 
The spinal root arises from the first five segments of the cer- 
vical portion of the spinal cord, passes cranially through the 
foramen magnum to join with the cranial root, and passes 
through the jugular foramen. The spinal root of the accessory 
nerve innervates the sternocleidomastoid and the trapezius 
muscles that move the head, neck, and shoulders. Damage to 
an accessory nerve makes it difficult to move the head or 
shrug the shoulders. 


XII Hypoglossal The hypoglossal nerve is a mixed nerve. 
The motor fibers arise from the hypoglossal nucleus within 
the medulla oblongata and pass through the hypoglossal 
canal of the skull to innervate both the extrinsic and in- 
trinsic muscles of the tongue (fig. 16.12). Motor impulses 
along these fibers account for the coordinated contraction of 
the tongue muscles necessary for such activities as food ma- 
nipulation, swallowing, and speech. 

The sensory portion of the hypoglossal nerve arises 
from proprioceptors within the same tongue muscles and 
conveys impulses to the medulla oblongata regarding the 
position and function of the muscles. : | 


vagus. L. vagus, wandering 
hypoglossal. Gk hypo. under: L glossa. tongue 


yy Wea 


aalaldieliaie FIGURE 16.11 
Superior ganglion The visceral components of the 
vagus nerve. 
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echniques of examination 


Patient asked to differentiate odors 
(tobacco, coffee, soap, etc.) 
with eyes closed. 


Retina examined with ophthalmoscope; 

_ visual acuity tested with eye charts. 

; Patient follows examiner's finger movement 

_ _ with eyes—especially cross-eyed movement; 
a pupillary change observed by shining light into 
each eye separately. 


Patient follows examiner's finger movement with 
eyes—especially lateral and downward movement. 


Motor portion: Temporalis and masseter muscles 
palpated as patient clenches teeth; patient asked 
to open mouth against resistance applied by examiner. 


Sensory portion: Tactile and pain receptors tested by 
lightly touching patient's entire face with cotton and then 
with pin stimulus. 


Patient follows examiner's finger movement—especially 
lateral movement. 
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Motor portion: Patient asked to raise eyebrows, 
frown, tightly constrict eyelids, smile, puff out 
cheeks, and whistle. 


Sensory portion: Sugar placed on each side of 
tip of patient's tongue. 


Vestibular portion: Patient asked to walk a straight line. 


Cochlear portion: Tested with tuning fork. 


Motor: Examiner notes disturbances in swallowing, 
talking, and movement of soft palate; gag reflex tested. 


Patient asked to shrug shoulders against resistance of 
examiner's hand and to rotate head against resistance. 


Patient requested to protrude tongue; tongue thrust 
may be resisted with tongue blade. 


Se ne ee 
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B10.2 Methods of determining cranial nerve dysfunction 


m A 


Comments 


Nasal passages must be patent and tested separately by 
occluding the opposite side. 


Visual acuity must be determined with lenses on, if patient 

wears them. 

Examiner should note rate of pupillary change and 
coordinated constriction of pupils. Light in one eye should 
similar pupillary change in other eye, but to a lesser 
degree. 


- 


Muscles of both sides of the jaw should show equal { 
contractile strength. 


Patient's eyes should be closed and innervation areas for all 
three nerves branching from the trigeminal nerve should 
be tested. 


Motor functioning of cranial nerves Ill, IV, and VI may be ; 
tested simultaneously through selective movements 
of eyeball. 


Examiner should note lack of tonus expressed by sagg ing 
regions of face. ra, * 


Not reliable test for specific facial-nerve dysfunc! 
because of tendency to stimulate taste buds o 
of tip of tongue. 


Not usually tested unless patient complains of d 
balance problems. 


Examiner should note ability to discriminate Sou 


Visceral innervation of vagus cannot be examin 
innervation to larynx, which is also served by 
glossopharyngeal. 


Sides should show uniformity of strength. 


Tongue should protrude straight deviatior 
to side indicates ipsilateral- 


YITMTIEIY, alropny, o 


Ifa hypoglossal nerve 1s damaged, a person will have Bur the brain, immersed in and filled with cerebrospinal 
difficulty in speaking, swallowing, and protruding the tongue. fluid, is like a water-sodden log; a blow to the top of the 


head can cause a serious rebound of the brain from the floor 


feurological Assessment of the Cramal Nerves of the cranium. Routine neurological examinations invol¥€ 


Head injuries and brain CoMmcussions are COMMON Occur 


testing tor cranial nerve dysfunction. 


Commonly used clinic: . ; ire Y 
rences in automobile accidents. The cranial nerves would y nical methods for determining ¢F 


seem to be well protected on the inferior side of the brain. 


nial nerve dysfunction are presented in table 16.2. 
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Posterior root of spinal nerve 


Spinal ganglion 


i 
‘ —ai 
/ . ; 
{ / Posterior {_ 
ramus 
| Anterior 
ramus 


apinal llerves 


Each of the 31 pairs of spmal nerves ts formed by the union of a 
postertor and an anterwr spinal root that emerges from the spmal cord 
through an meervertebral foramen to mnervate a body dermatome. 


The 31 pairs of spinal nerves (sce fig. 16.1) are grouped as 
follows: 8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and | 
coceyveal. With the exception of the first cervical nerve, 
the spinal nerves leave the spinal cord and vertebral canal 
through intervertebral foramina. The first pair of cervical 
between the occipital bone of the skull and 
The second through the seventh pairs of 


nerves emerges 
the atlas vertebra. 
cervical nerves emerge above the vertebrae for which they 


are named, whereas the eighth parr of cervical nerves passes 
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FIGURE 16.13 
Asection of the spinal cord and 
thoracic spinal nerves. 


Spinal cord 


Sympathetic rami 


Sympathetic trunk 
ganglion 


Roots of splanchnic nerve 


between the seventh cervical and first thoracic vertebrae. 
The remaining pairs of spinal nerves emerge below the ver- 
tebrae for which they are named. 

A spinal nerve iy a mixed nerve attached to the spinal 
cord by a posterior (dorsal) root composed of sensory fibers 
and an anterior (ventral) root composed of motor fibers 
(fig. 16.13). The posterior root contains an enlargement 
called the spinal (sensory) ganglion, where the cell bodies 
of sensory neurons are located. The axons of sensory neu- 
rons convey sensory impulses through the posterior root and 
into the spinal cord, where synapses occur with dendrites of 
other neurons. The anterior root consists of axons of motor 
Neurons that convey motor impulses away from the CNS, 
A spinal nerve ty formed ay the fibers from the posterior and 
anterior roots converge and emerge through an mtervertebral 
foramen, 
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- The disease herpes zoster, 

also known as shingles, is 

a viral infection of the 

spinal ganglia. Herpes 
zoster causes painful, often 
unilateral, clusters of fluid-filled 
vesicles in the skin along the paths 
of the affected penpheral sensory 
neurons. This disease requires no 
special treatment. as the lesions 
gradually heal, and is usually not 
serious except in elderly 


debilitated patients, who may die 
from exhaustion. 


A spinal nerve divides into 
several branches immediately 
after it emerges through the in- 
tervertebral foramen. The small 
meningeal branch reenters the 
vertebral canal to innervate the 
meninges, vertebrae, and verte- 
bral ligaments. A larger branch, 
called the posterior ramus, in- 
nervates the muscles, joints, and 
skin of the back along the verte- 
bral column (fig. 16.13). An an- 
terior ramus of a spinal nerve 
innervates the muscles and skin 
on the lateral and anterior side of 
the trunk. Combinations of ante- 
rior rami innervate the limbs. 

The rami communicantes 
are two branches from each spinal 
nerve that connect to a sympa- 
thetic trunk ganglion, which ts part of the autonomic ner- 
vous system. The rami communicantes are composed of a 


FIGURE 16.14 


The cervical plexus. 


gray ramus, containing unmyelinated fibers, and a white 
ramus, containing myelinated fibers. This arrangement is 
described in more detail in chapter 17. 


Except in the thoracic nerves T2-T12, the ventral rami of the spinal 


nerves combine and then split agai as networks of nerves referred to as 


plerteses There are four plexuses of spinal nerves: the cervical, the 
brachial, the hanbar, and the sacral, Nerves emerge fram the plexuses 
and are numed according to the structures they innervate or the general 


Course they take 


Cervical Plexus The cervical plexus (plek ‘sus) 1s post- 
tioned deep on the side of the neck, lateral to the first four 
cervical vertebrae (fig. 16.14). Teas tormed by the anterior 
ramt of the first four cervical nerves (C1-C4) anda portion 


Segmental branct 


fe) 


C2 
Hypoglossal nerve (XII) 
Lesser occipital nerve 
Anterior root of C3 


ansa cervicalis 
Greater auricular nerve 


Transverse 
cervical nerve 


C4 
Posterior root 
of ansa cervicalis 
Ansa cervicalis 
Supraclavicular nerve cs 


Branch to brachial 
plexus 


Phrenic nerve 


Ol Roots 


of C5. Branches of the cervical plexus innervate the skin 
and muscles of the neck and portions of the head and shoul- 
ders. Branches of the cervical plexus also combine with the 
accessory and hypoglossal cranial nerves to supply dual in- 
nervation to some specific neck and pharyngeal muscles. 
Fibers from the third, fourth, and fifth cervical nerves unite 
to become the phrenic (fren ik) nerve, which innervates the 
diaphragm. Motor impulses through the paired phrenic 
nerves cause the diaphragm to contract, inspiring air nw 
the lungs. The nerves of the cervical plexus are summarized 


in table 16.3. 


Brachial Plexus = The brachial Plexus is positioned to the side 
of the last four cervical and first thoracic vertebrae. It is formed 
hy the anterior rami of C5 through TL with oceasional con 
tributions of fibers from C4 and T2. From its emergence, the 
brachial plexus extends downward and laterally, passes ove! 
the first nb behind the clavicle, and enters the axilla. Each 
brachial plexus innervates the entire upper extremity of one 
side, as Wellasa number of shoulder and neck muscles. 
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Structurally, the brachial 
plexus is divided into roots, 
trunks, divisions, and cords (fig. 
16.15). The roots of the brachial 
plexus are simply continuations 
of the anterior rami of the cer- 
vical nerves. The anterior rami 
of C5 and C6 converge to he- 
come the superior trunk, the 
C7 ramus becomes the middle 
trunk, and the ventral rami of 
C8 and TI converge to become 
the inferior trunk. Each of the 
three trunks immediately di- 
vides into an anterior division 
and a posterior division. The di- 
visions then converge to form 
three cords. The posterior cord is 
formed by the convergence of the 
posterior divisions of the upper, mid- 
dle, and lower trunks, and hence con- 
tains fibers from C5 through C8. The 
ontinuation of the ante- 

e lower trunk and primarily 
‘8 and TI. The lateral cord ts 


he anterior division of the 


medial cord ts a ¢ 
nor division of th 
contains fibers from ¢ 
formed by the convergence of t 
upper and mid 
through (7. 
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dle trunk and consists of tihers trom C5 


cs 
Posterior scapular nerve. 
Long thoracic nerve. 
Suprascapular nerve C6 
Subclavian nerve. ae 
fi 
C7 
é) 
Axillary nerve fA 
Subscapular nerve. 
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Radial nerve ad 
Musculocutaneous nerve 
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FIGURE 16.15 
The brachial plexus 
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‘Table lh. _ Selected branches of the brachial plexus eve 
“= - iat eee ' SF 
Nerve a Cord and Innervation 
_ spinal components 
Posterior cord (C5,C6) Skin of shoulder: shoulder joint, deltoid and teres minor muscles 
Posterior cord (C5-C8,T1) Skin of posterior lateral surface of arm, forearm, and hand; posterior muscles of 


brachium and antebrachium (triceps brachii, supinator, anconeus, brachioradia 
extensor carpi radialis brevis, extensor carpi radialis longus, extensor Carpi ulnar:) 


Sculocutaneous —_Lateral cord (C5,C6,C7) Skin of lateral surface of forearm; anterior muscles of brachium (coracobrachia'\: 
biceps brachii, brachialis) 
Skin of medial third of hand; flexor muscles of anterior forearm (flexo 


cles OI Nand (p 


flexor digitorum), medial palm, and intrinsic flexc 3c 


Medial cord (C8,T1) pi ulnars, 


Posterior cord 
Medial cord Lateral cord 


In summary, the brachial plexus is composed of nerve 
fibers from spinal nerves C5 through T1 and a few fibers 
from C4 and T2. Roots are continuations of the anterior LX 
rami. The roots converge to form trunks, and the trunks 
branch into divisions. The divisions in turn form cords, and 
the nerves of the upper extremity arise from the cords. 


especially if the clavicle, upper ribs, or lower cervical 
vertebrae are seriously fractured. Occasionally, the 
brachial plexus of a newborn is severely strained 
during a difficult delivery when the baby ts pulled through 
the birth canal. In such cases, the arm of the injured side is 
paralyzed and eventually withers as the muscles atrophy in 
relation to the extent of the injury 

The entire upper extremity can be anesthetized ina 
procedure called a brachial block or brachial anesthesia. The 
site for injection of the anesthetic is midway between the base 
of the neck and the shoulder, postenor to the clavicle. At this 
point, the anesthetic can be injected in close proximity to the 


brachial plexus 


\ Trauma to the brachial plexus sometimes occurs, 


JJ 


Five major nerves, the axillary, radial, musculocuta- 
neous, ulnar, and median, arise from the three cords of the 
brachial plexus to supply cutaneous and muscular innerva- 
tion to the upper extremity (table 16.4). The axillary nerve 
anes trom the posterior cord and provides sensory innerva- 
tion to the skin ot the shoulder and to the shoulder joint 
and motor innervation to the delrotd and teres minor mus- 
cles (tig. 16.16). The radial nerve arises trom the posterior 
cord and extends along the postertor aspect of the brachial 
region to the radial side of the forearm. The radial nerve 


provides sensory innervation tothe skincat the posterior Lat- 

eral surtace of the upper extremity, including the posterior FIGURE 16.16 

surface of the hand (fig. 16.17), and motor innervation to Muscular and cutaneous distribution of the axillary 
all of the extensor muscles of the upper extremity, the 

supmnator muscle, and two muscles that flex the elbow jomnt 
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Long head of triceps brachii 


triceps brachii 


Medial head of 
tnceps brachii 


Brachioradialis 


Extensor carpi 
radialis longus 


Extensor carpi 
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FIGURE 16.17 


Muscular and cutaneous distribution of the radial nerve. 


" The radial nerve is vulnerable to several types of 
trauma. Crutch paralysis may result when a person 
improperly supports the weight of the body for an 
extended period of time with a crutch pushed tightly 

into the axilla. Compression of the radial nerve between the 
top of the crutch and the humerus may result in radial aia 
damage. Likewise, dislocation of the shoulder ase y 
traumatizes the radial nerve Children are partic : Aes 
risk as adults yank on their arms. A fracture to the s "| ae 
the humerus may damage the radial nerve tha! — 4 s 
the bone at this point. The principal symptom of radia 


am extenso uscles 
nerve damage is wristdrop, 1n which the € xtensorm ap 
wrist fail to function, and as a resu e 


of the { ers and 
me elbow are ina constant state 


Joints of the fingers, wrist. and 
of flexion. 
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Lateral cord. “a 


Medial cord 


FIGURE 16.18 


Muscular and cutaneous distribution of the musculocutaneous 
nerve. 


The musculocutaneous nerve arises from the lateral 
cord and provides sensory innervation to the skin of the Pos- 
terior lateral surface of the arm and motor innervation to 
the anterior muscles of the brachium (fig. 16.18). The ulnar 
nerve arises from the medial cord and provides sensory in- 
nervation to the skin on the medial (ulnar side) third of the 
hand (fig. 16.19). The motor innervation of the ulnar nerve 
is to two muscles of the forearm and the intrinsic muscles 
of the hand (except some that serve the thumb). 


behind the medial epicondyle. This area is commonly 

known as the “funny bone” or ‘crazy bone.” Damage 

to the ulnar nerve may occur as the medial side of the 
elbow is banged against a hard object. The immediate 
perception of this trauma 1s a paintul tingling that extends 
down the ulnar side of the forearm and into the hand and 
medial two digits. Although common, ulnar nerve damage is 
generally not senous 


\ The ulnar nerve can be palpated in the groove 
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FIGURE 16.19 


Muscular and cutaneous distribution of the ulnar nerve. 


The median nerve arises from the medial cord and pro- 
vides sensory innervation to the skin on the radial portion of 
the palm of the hand (fig. 16.20) and motor innervation to 
all but one of the flexor muscles of the forearm and most of 
the hand muscles of the thumb (thenar muscles). 


nerve in the forearm most commonly injured by stab 
wounds or the penetration of glass. If this nerve is 
4 severed, the muscles of the thumb are paralyzed and 
waste away, resulting in an inability to oppose the thumb in 


a The median nerve, which serves the thumb, is the 


grasping 


Lumbar Plexus) The lumbar plexus is positioned to the side 
of the first four lumbar vertebrae. [tts formed by the anterior 
rami of spinal nerves LI-L4 and some fibers from T12 (fig. 
16.21). The nerves that arise trom the lumbar plexus inner- 
vate structures of the lower abdomen and anterior and me- 
dial portions of the lower extremity. The lumbar plexus is 


Posterior cord 
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Medial nerve 
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superficialis 


Flexor digitorum 
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Pronator quadratus. 
Thenar muscles 


Lateral lumbricales 


FIGURE 16.20 


Muscular and cutaneous distribution of the median nerve 


not as complex as the brachial plexus, having only roots and 
divisions rather than roots, trunks, divisions, and cords. 

Structurally, the posterior division of the lumbar 
plexus passes obliquely outward, deep to the psoas major 
muscle, whereas the anterior division is superficial to the 
quadratus lumborum muscle. The nerves that arise from the 
lumbar plexus are summarized in table 16.5. Because of their 
extensive innervation, the femoral nerve and the obturator 
nerve are illustrated in figures 16.22 and 16.23, respectively. 

The femoral nerve arises from the posterior division 
of the lumbar plexus and provides cutaneous innervation tl 
the anterior and lateral thigh and the medial leg and foot 
(fig. 16.22). The motor innervation of the femoral nerve & 
to the anterior muscles of the thigh, including the tliopseas 
and sartorius muscles and the quadriceps femoris group. 

The obturator nerve arses from the anterior division 
of the lumbar plexus and provides cutaneous innervation 
the medial thigh and motor Innervation to the adductor 
muscles of the thigh (fig. 16.23). 
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Vastus intermedius 
Vastus medialis 


Vastus lateralis. 


FIGURE 16.22 


Muscular and cutaneous distribution of the femoral nerve. 


Sacral Plexus The sacral plexus is positioned immediately 
caudal to the lumbar plexus. It is formed by the anterior rami 
of spinal nerves L4, L5, and S1-S4 (fig. 16.24). The nerves 
arising from the sacral plexus innervate the lower back, 
pelvis, perineum, posterior surface of the thigh, anterior and 
posterior leg, and the dorsum and plantar surtace of the foot 
(table 16.6). Like the lumbar plexus, the sacral plexus con- 
sists of roots and anterior and posterior divistons trom which 
nerves arise. Because some of the nerves of the sacral plexus 
also contain fibers from the nerves of the lumbar plexus 
through the lumbosacral trunk, these two plexuses are fre- 
quently described collectively as the lumbosacral plexus. 


Obturator nerve 


Obturator externus Adductor longus 


Adductor magnus. 


Adductor brevis 


Adductor longus. 


Gractlis 


Adductor magnus 


FIGURE 16.23 


Muscular and cutaneous distribution of the obturator nerve. 


The sciatic (si-at‘ik) nerve is the largest nerve arising 
from the sacral plexus and is the largest nerve in the body. 
The sciatic nerve passes from the pelvis through the greatet 
sciatic notch of the os coxa and extends down the posterior 
aspect of the thigh. The sciatic nerve is actually composed of 
two nerves—the tibial and common fibular nerves, wrapped 
in a connective tissue sheath. 


eee} 
sacral L. sacris, sacred 
sciatic. L. sciaticus, hip joint 
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Table 16.6 Branches of the sacral plexus 


lerve Spinal components Innervation 


L4,L5,S1 Abductor muscles of thigh (gluteus minimus, gluteus 


L5-S2 Extensor muscle of hip joint (gluteus maximus) 

$1,S2 Abductor and rotator of thigh (piriformis) 

L4,L5,S1 Rotators of thigh (gemellus inferior, quadratus femoris) 
ernal obturator L5-S2 Rotators of thigh (gemellus superior, internal obturator) 

$2,83 Skin over lower medial surface of buttock 


Skin over lower lateral surface of buttock, anal region, upper posterior surface of thi 
upper aspect of calf, scrotum in male and labia majora in female “4 


Composed of two nerves (tibial and common fibular); splits into two portions 


cutaneous femoral $1-S3 


L4-S3 


semitendinosus, semimembranosus) and adductor magnus muscle 


L4-S3 Skin of posterior surtace of leg and sole of tool. muscle innervation includes 
ial, and lateral gastrocnemius, soleus, flexor digitorum longus, flexor hallucis longus, tibi 
popliteus, and intrinsic muscles of the foot 
L4-S2 Skin of anterior surface of the leg and dorsum of foot, muscle innervation 


includes peroneus tertius, peroneus brevis, peroneus longus, tibialis a 
hallucis longus, extensor digitorum longus, extensor digitorum brevis 
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to plantar muscles Lateral plantar nerve 


to plantar muscles 


FIGURE 16.25 


Muscular and cutaneous distribution of the tibial nerve. 


The tibial nerve arises from the anterior division of 
the sacral plexus, extends through the posterior regions 
of the thigh and leg, and branches in the foot to form the 
medial and lateral plantar nerves (fig. 16.25). The cuta- 
neous innervation of the tibial nerve ts to the calf of the 
leg and the plantar surface of the foot. The motor inner- 
vation of the tibial nerve is to most of the posterior thigh 
and leg muscles and to many of the intrinsic muscles of 
the foot. 

The common fibular nerve arises from the posterior 
division of the sacral plexus, extends through the posterior 
region of the thigh, and branches in the upper portion of 
the leg into the deep and superficial fibular nerves (fig. 
16.26). The cutaneous innervation of the common fibular 
nerve and its branches ts to the anterior and lateral leg and 


Short head of 
biceps femoris 


Tibialis anterior 
Peroneus longus 
Extensor digitorum longus 

Superficial fibular 
nerve 

Peroneus brevis 
Deep fibular nerve 


Extensor hallucis longus 
Peroneus tertius 


Extensor digitorum brevis 


Extensor haliucis brevis 


FIGURE 16.26 


Muscular and cutaneous distribution of the common fibular 
nerve. 


to the dorsum of the foot. The motor innervation is to the 
anterior and lateral muscles of the leg and foot. 


maximus muscle, midway between the greater 

trochanter and the ischial tuberosity. Because of is 

position, the sciatic nerve is of tremendous clinica! 
importance. A posterior dislocation of the hip joint will generally 
injure the sciatic nerve. A hermated disc (fig. 16.27) or pressure 
from the uterus during pregnancy may damage the roots of the 
nerves, resulting in a condition called sciatica (s-at'T-ka). Scianea 
is characterized by a sharp pain in the gluteal region and by 
pains that extend down the posterior side of the thigh An 
improperly administered injection into the buttock may injure 
the scianc nerve itself Even a temporary compression of the 


\ The sciatic nerve in the buttock lies deep to the gluteus 


sciaic nerve ds a person sits on a hard surface for a period o 
Seater : ‘ b 

time may resultin the perception of tinghng throughout the limt 

as the person stands up. The limb is said to have “gone to sleep 
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Retlen Arcs and Reflenes 


The conduction pathway ofa reflex arc consists of a receptor, a Sensory 


neuron, a motor neuron and ws mnervation m the PNS, and an 
association m the CNS. The reflex are provides the mechanism for a 


rapid, automatic response to a potenually threatening semulus 


Specific nerve pathways provide routes by which impulses 
travel through the nervous system. Frequently, a nerve path- 
way begins with impulses being conducted to the CNS 
through sensory receptors and sensory neurons of the PNS. 
Once within the CNS, impulses may immediately travel 
back through motor portions of the PNS to activate specific 
skeletal muscles, glands, or smooth muscles. They also may 
be sent simultaneously to other parts of the CNS through 
ascending tracts within the spinal cord. 


Components of the Reflex Arc 


The simplest type of nerve pathway is a reflex are (fig. 
16.28). A reflex are implies an automatic, unconscious, 
protective response to a situation in an attempt to main- 
tain body homeostasis. A reflex are leads by a short route 


from sensory to motor neurons and includes only two or 
_ FIGURE 16.27 vit three neurons. The five components of a reflex arc are the 
receptor, sensory neuron, center, Motor neuron, and ef- 
fector. The receptor includes the dendrite of a sensory 
neuron and the place where the electrical impulse is ini- 
tiated. The sensory neuron relays the impulse through 
the posterior root to the CNS. The center ts within the 
CNS and usually involves an association neuron (in- 

terneuron). It is here that the arc 1s made 


An MR scan of a herniated disc (arrow) in the lumbar Tegion. ; 


Receptor 


(in skin) and other impulses are sent 

a I a” Postenor through synapses to 

aint ee ee ge aN y (dorsal) other parts of 
, ie wo £”) 7 vas o body the body. 
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FIGURE 16.28 
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Axon of sensory neuron 


Spinal cord 
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Dendrite of 
motor neuron 


Cell body of 
motor neuron 


FIGURE 16.29 


The knee-jerk reflex 1s an ipsilateral reflex. The receptor and 
effector organs are on the same side of the spinal cord. The knee- 
jerk reflex is also a monosynaptic reflex because it involves only 
two neurons and one synapse. 


The motor neuron conducts the impulse to an effector 
organ (generally a skeletal muscle). The response of the 
effector is called a reflex action or, simply, a reflex. 


Hinds of Reflenes 


Visceral Reflexes Reflexes that cause smooth or cardiac 
muscle to contract or glands to secrete are visceral (auto- 
nomic) reflexes. Visceral reflexes help control the body’s 
many involuntary processes, such as heart rate, respiratory 
rate, blood flow, and digestion. Swallowing, sneezing, cough- 
ing, and vomiting may also be reflexive, although they in- 
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volve the autonomic action of skeletal muscles. 


Somatic Reflexes Somatic reflexes are those that result 
in the contraction of skeletal muscles. The three principal 
kinds of somatic reflexes are named according to the re- 
sponse they produce. 

The stretch reflex involves only two neurons and one 
synapse in the pathway and is therefore called a monosy- 
naptic reflex arc. Slight stretching of neuromuscular spindle 
receptors (described in chapter 18) within a muscle initi- 
ates umpulses that are conducted along a sensory neuron to 
the spinal cord. A synapse with a motor neuron occurs in 
the anterior gray column and a motor unit ts activated, caus- 


Ing specific muscle fibers to contract. Since the receptor and 


effec 
the sare side of the spinal cord, the reflex are ts an ipsilateral 
reflex arc. The knee-jerk retlex ty an ipsilateral reflex (fig. 
16.29), as are all monosynaptic retlex arcs. 

A flexor reflex, or withdrawal reflex, consists of a 


tor organs of the stretch reflex involve structures on 


polysynaptic reflex are (fig. 16.30). Flexor retlexes involve as- 


Cell body of 
sensory neuron 


Dendrite of 
sensory neuron 


| 


Femur 
Tibia | | 


sociation neurons 
in addition to the ' 
sensory and motor \ 
neurons. A flexor \ 
reflex is initiated 
as a person en- 
counters a painful 
stimulus, such as a es, 


= rr Paras 
oe >I 
hot or sharp ob- 
ject. As a receptor organ is stimulated, sensory neurons trans- 
mit the impulse to the spinal cord where association neurons 
are activated. There, the impulses are directed through 
motor neurons to flexor muscles, which contract in response. 
Simultaneously, antagonistic muscles are inhibited (relaxed) 
so that the traumatized extremity can be quickly withdrawn 
from the harmful source of stimulation. 

Several additional reflexes may be activated while a 
flexor reflex is in progress. In an intersegmental reflex arc, motor 
units from several segments of the spinal cord are activated by 
impulses coming in from the receptor organ. An intersegmental 
reflex arc produces stimulation of more than one effector organ- 
Frequently, sensory impulses from a receptor organ cross over 
through the spinal cord to activate effector organs within the 
opposite (contralateral) limb. This type of reflex is called a 
crossed extensor reflex (fig. 16.31) and is important for main- 
taining body balance while a flexor reflex is in progress. The re- 
flexive inhibition of certain muscles to contract, called 
reciprocal mhibition, also helps maintain balance while either 
flexor or Crossed extensor reflexes are in progress. 

Certain reflexes are important for physiological func- 
tions, while others are important for avoiding injury. Some 
common reflexes are described in table 16.7 and illustrated 
in figure 16.32. 
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FIGURE 16.30 
The flexor, or withdrawal, reflex 1s a 
polysynaptic reflex because It involves 
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FIGURE 16.31 


A crossed extensor reflex causes a 
reciprocal inhibition of muscles of 


Peripheral Nervous System 


the opposite appendage. This Sensory 

type of reflex inhibition is neuron 

important in maintaining 

balance. Right arm Left arm 


—— Motor 


neurons Association 
neuron 


Extensor 
Flexor stimulated 
stimulated \ 


Extensor Flexor 
inhibited 4 inhibited 
Arm a _ 


movement 


Sensory nerve fiber Pin 
Paras 
- Part of a routine physical examination involves testing certain reflexes may indicate the location and extent 
testing a person's reflexes. The condition of the of the injury. Also, an anesthesiologist may {ry to initiate a 
nervous system, particularly the functioning of the reflex to ascertain the effect of an anesthetic 
synapses, may be determined by examining reflexes 
In case of injury to some portion of the nervous system, SARSEA@E Cee USCA COLT ERE STS See Valen e's 


anesthesia Gk. an, without: a/sfhesis, sensation 
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C5,C6 Tendon of biceps brachii muscle, near Contracts biceps brachii muscle to flex © Sow 


attachment on radial tuberosity 
C7,C8 Tendon of triceps brachii muscle, near Contracts triceps brachii muscle to extend 
attachment on olecranon process elbow 
z C5,C6 Radial attachment of supinator and Supinates forearm and hand 
alis reflex brachioradialis muscles 
L2, L3, L4 Patellar ligament, just below patella Contracts quadriceps muscle to extend the 
knee | 
f $1, $2 Tendo calcaneus, near attachment on calcaneus _ Plantar flexes ankle 
L4,L5, $1, $2 Lateral aspect of sole, from heel to ball of foot Plantar flexes foot and flexes toes 
L4, L5, $1, $2 Lateral aspect of sole, from heel to ball of foot Dorsiflexes great toe and fans other toes 
T8, T9, T10 above Sides of abdomen, above and below Contracts abdominal muscles and deviates 
umbilicus and level of umbilicus umbilicus toward stimulus 


710, 711, 712 
below umbilicus 


“If the Babinski reflex rather than the plantar reflex occurs as the sole of the foot is stimulated, it may indicate damage to the corticospinal 
tract within the spinal cord. However, the Babinski reflex is present in infants up to 12 months of age because of the immaturity of their 


corticospinal tracts. 


Babinski reflex: from Joseph F. Babinski, French neurologist, 1857-1932 


FIGURE 16.32 

Some reflexes of clinical 
importance. (a) Glabellar reflex. 
(b) Biceps brachii reflex. 

(c) Triceps brachii reflex 

(d) Supinator (brachioradialis 
reflex). 


(D) 


(d) 


@® 
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FIGURE 1 
The pattern of 

dermatomes and the 
penpheral distribution 

of spinal nerves. 

(a) An antenor view (a) 
and (b)a posterior view. 


Development of the peripheral nervous 
system produces the pattern of 
dermatomes within the body (fig. 1). A 
dermatome (der mi-tim) is an area of 
the skin innervated by all the cutaneous 
neurons of a certain spinal or cranial 
nerve. Mast of the scalp and tace is 
innervated by sensory neurons from the 
trigeminal nerve, With the exception of 
the first cervical nerve (C1), all of the 
spinal nerves are associated with specific 
dermatomes Dermatomes ure 
consecutive in the neck and trunk 
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regions. In the appendages, however, 
adjacent dermatome innervations 
overlap. The apparently uneven 
dermatome arrangement in the 
appendages 1s due to the uneven rate of 
nerve growth into the limb buds, 
Actually the limbs are sepmented, and 
dermatomes overlap only slightly. 


nervanion 1s of clinical impor- 
tance when a physician 
wants to unesthetize u partic- 
ular portion of the bocly. Because ad 


\ The pattern of dermatome in- 


Ji 


stem 
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jacent dermatomes overlap in the ap- 
pendages, at least three spinal nerves 
must be blocked to produce complete 
anesthesia in these regions. Abnor- 
mally functioning det matomes pro- 
vide clues about injury to the spinal 
cord or specific spinal nerves. If{ a der- 
matome is stimulated but no sensation 
1S perceived, the physician can infer 
that the injury involves the innerva- 
tion to that dermatome. 
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Chapter oummary 


Introduction to the Peripheral Nervous 
System (pp. 416-417) 


1. 


The peripheral nervous system consists 
of nerves that convey impulses to and 
from the central nervous system. 

The cranial nerves arise from the brain 
and the spinal nerves arise from the 
spinal cord. 

Sensory (afferent) nerves convey 
impulses toward the CNS, whereas motor 
(efferent) nerves convey impulses away 
from the CNS. Mixed nerves are 
composed of both sensory and motor 
fibers. 


Cranial Nerves (pp. 417-426) 


1. 
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Twelve pairs of cranial nerves emerge 
from the inferior surface of the brain and, 
with the exception of the 
vestibulocochlear nerve, pass through 
foramina of the skull to innervate 
Structures in the head, neck, and visceral 
organs of the trunk. 

The names of the cranial nerves indicate 
their primary function or the general 
distribution of their fibers. 

The olfactory, optic, and 
vestibulocochlear cranial nerves are 
sensory only; the trigeminal, 
glossopharyngeal, and vagus are mixed; 
and the others are primarily motor, with 
only the sensory fibers of these being 
proprioceptive. 

Some of the cranial nerve fibers are 
somatic; others are visceral. 

A test for cranial nerve dysfunction is 
Clinically important in a neurological 
examination. 


Spinal Nerves (p. 427-428) 
1. Each of the 31 pairs of spinal nerves is 


formed by the union of an anterior 
(ventral) and posterior (dorsal) spinal 
root that emerges from the spinal cord 
through an intervertebral foramen to 
innervate a body dermatome. 


. The spinal nerves are grouped according 


to the levels of the spinal column from 
which they arise, and they are numbered 
in sequence. 


. Each spinal nerve is a mixed nerve 


consisting of a posterior root of sensory 
fibers and an anterior root of motor 
fibers. 


. Just beyond its intervertebral foramen, 


each spinal nerve divides into several 
branches. 


Nerve Plexuses (pp. 428-436) 
1. Except in the thoracic nerves T2-112, the 


anterior rami of the spinal nerves 

combine and then split again as networks 

of nerves called plexuses. 

a. There are four plexuses of spinal 
nerves: the cervical, the brachial, the 
lumbar, and the sacral. 

b. Nerves that emerge from the plexuses 
are named according to the structures 
they innervate or the general course 
they take. 


. The cervical plexus is formed by the 


anterior rami of C1-C4 and by a portion 
of C5. 


. The brachial plexus is formed by the 


anterior rami of C5-T1 and occasionally 

by some fibers from C4 and T2. 

a. The brachial plexus is divided into 
roots, trunks, divisions, and cords. 

b. The axillary, radial, 
musculocutaneous, ulnar, and median 
are the five largest nerves arising from 
the brachial plexus. 


. The lumbar plexus is formed by the 


anterior rami of L1-L4 and by some 

fibers from T12 

a. The lumbar plexus is divided into 
roots and divisions. 

b. The femoral and obturator are two 
important nerves arising from the 
lumbar plexus 


. The sacral plexus is formed by the 


anterior rami of L4, L5, and $1-S4. 

a. The sacral plexus Is divided into roots 
and divisions 

b. The sciatic nerve, composed of the 
common fibular and tibial nerves, 
arises from the sacral plexus 

c. The lumbar plexus and the sacral 
plexus are often referred to collectively 
as the lumbosacral plexus. 


Reflex Arcs and Reflexes (pp. 437-441) 
1. The conduction pathway of a reflex arc 


consists of a receptor, a sensory neuron, 
a motor neuron and its innervation in the 
PNS, and an association neuron in the 
CNS. The reflex arc enables a rapid, 
automatic response to a potentially 
threatening stimulus. 


. Areflex arc is the simplest type of nerve 


pathway. 


. Visceral reflexes cause smooth or cardiac 


muscle to contract or glands to secrete. 

Somatic reflexes cause skeletal muscles 

to contract. 

a. The stretch reflex is a monosynaptic 
reflex arc. 

b. The flexor reflex is a polysynaptic 
reflex arc. 


Peripheral Nervous System 


Review Activities 


Objective Questions 


1. 
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Which of the following is a false 
statement concerning the peripheral 
nervous system? 

a. It consists of cranial and spinal nerves 
only. 

b. It contains components of the 
autonomic nervous system. 

c. Sensory receptors, neurons, nerves, 
ganglia, and plexuses are all part of 
the PNS. 

An inability to cross the eyes would most 

likely indicate a problem with which 

cranial nerve? 

a. optic 

bd. oculomotor 

c. abducens 

d. facial 


. Which cranial nerve innervates the 


muscle that raises the upper eyelid? 
a. trochlear 

b. oculomotor 

c. abducens 

d. facial 


_ The inability to walk a straight line may 


indicate damage to which cranial nerve? 
a. trigeminal 
b. facial 


c. vestibulocochlear 
d. vagus 


_ Which cranial nerve passes through the 


stylomastoid foramen? 
a. facial 

b. glossopharyngeal 
c. vagus 

d. hypoglossal 


. Which of the following cranial nerves 


does not contain parasympathetic fibers? 
a. oculomotor 

b. accessory 

c. vagus 

d. facial 


_ Which of the following is nota spinal 


nerve plexus? 
a. cervical 
b. brachial 
c. thoracic 
d. lumbar 

e. sacral 


_ Roots, trunks, divisions, and cords are 


characteristic of 

a. the sacral plexus. 
b. the thoracic plexus. 
c. the lumbar plexus. 
d. the brachial plexus 


. Which of the following nerve-plexus 


associations is incorrect? 
a. median/sacral 
b. phrenic/cervical 


c. axillary/brachial 
d. femoral/lumbar 


10. Extending the leg when the patellar 


ligament is tapped is an example of 
a visceral reflex. 

a flexor reflex. 

an ipsilateral reflex. 

a crossed extensor reflex. 


mw 


aos 


Essay Questions 


i 


rad 


Explain the structural and functional 
relationship between the central nervous 
system, the autonomic nervous system, 
and the peripheral nervous system 

List the cranial nerves, and describe the 
major function(s) of each. How is each 
cranial nerve tested for dysfunction? 
Describe the structure of a spinal nerve. 
List the roots of each of the spinal 
plexuses. Describe where each Is located 
and state the nerves that originate from 
them. 

Distinguish between monosynaptic, 
polysynaptic, ipsilateral, stretch, and 
flexor reflexes. 


Downloaded from Durr-e-Danish Library 


. 


eT chapter seventeen | 


autonomic nervous system 


: Neural Control of Involuntary 
: Effectors 446 


: Autonomic Neurons 
: Visceral Effector Organs 


: Divisions of the Autonomic Nervous 
System 44g 


: § 'ympathetic (Thoracolumbar) Division 
: Parasympathetic (Craniosacral) Division 


: Functions of the Autonomic flervous 
: System 459 


: Neurotransmitters of the Autonomic Nervous 
: System 

: Responses to Adrenergic Stimulation 

: Responses to Cholinergic Stimulation 

: Other Autonomic Neurotransmitters 

: Organs with Dual Innervation 

: Organs without-Dual Innervation 

? Control of the Autonomic Nervous System by 
Higher Brain Centers 


: Clinical Considerations 46] 

: Autonomic Dysreflexia 

: Pharmacology of the Autonomic Nervous 
: System 

: Review Activities 463 


DUIJECLIVES -+-------sesresrvesneennenncenes ws. Ny 


e 


Describe the preganglionic and postganglionic 
neurons in the motor autonomic pathway. 


Describe the characteristics of the visceral effector 
organs that are innervated by the autonomic nervous 
system. 


identify the location of preganglionic sympathetic 
neurons and sympathetic ganglia. 


Explain what is meant by the mass activation of the 
sympathetic division and describe the relationship 
between the sympathetic division and the adrenal 
medulla. 


Identify the location of preganglionic parasympathetic 
neurons and parasympathetic ganglia. 


Identify the neurotransmitters of each of the 
autonomic neurons. 


Distinguish between the different types of adrenergic 
receptors and describe sympathetic nerve effects in 
the body. 


Distinguish between the different types of cholinergic 
receptors and describe the actions of the drug 
atropine. 


Describe the antagonistic, complementary, and 
cooperative actions of sympathetic and 
parasympathetic nerves on different body organs. 


Explain how the autonomic nervous system is 
controlled by the brain. 
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lleural Control of Involuntary 


Effectors 


ied from the CNS by axons that synapse with a second 
neuron. It is the axon of this second neuron m the pathway 
at innervates the involuntary effectors. 


PAutonomic motor nerves innervate organs whose functions 
are not usually under voluntary control. The effectors that 
nd to autonomic regulation include cardiac muscle 
art), smooth (visceral) muscles, and glands. These 
SHS EeeeEEeeeeeeeesetes 


: Gk. auto, self, nomos, law 
L. viscera, internal organs 


Somatic motor reflex 


Posterior root ganglion 


—<— \ 


Association neuron 


f_. Sensory neuron 


Somatic 
motor 
neuron 


FIGURE 17.1 
A companson of a sc 


are part of the organs of the viscera (organs within the tho- 
racic and ahdominopelvic cavities) and of blood vessels The 
inv oluntary effects of autonomic innerv ation contrast with 
the voluntary control of skeletal muscles by way of somatic 


motor neurons. 


Autonome Neurons 


As discussed in chapter 16, neurons of the peripheral ner- 
vous system (PNS) that conduct impulses away trom the 
central nervous system (CNS) are known as motor, or effer- 
ent, neurons. There are two major Categories of motor neu- 
rons: somatic and autonomic. Somatic motor neurons have 
their cell bodies within the CNS and send axons to skeletal 
muscles, which are usually under voluntary control. This 
was described in chapter 16, in the section on the retlex arc, 
and is reviewed in the left half of figure 17.1 

Unlike somatic motor neurons, which conduct impulses 
along a single axon from the spinal cord to the neuromuscular 


Autonomic motor reflex 


Posterior root ganglion -7 > 


=< \ 


Association neuron 


Preganglionic 
neuron / 


Autonomic a 


ganglion 


neuron 


Viscera 


»matic motor reflex and an autonomic motor reflex. 
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Table Wl Comparison of the somatic motor 
and autonomic motor systems 


Somatic motor 


Skeletal muscles 


No ganglia 


)f Neurons One Two 
NS to effector 


neuromuscular Specialized motor 


end plate 


Excitatory only 


Fast-conducting, thick 
(9-13 pm), and 
myelinated 


jaccid paralysis and 
Sree —? aff 


Junction, autonomic motor control involves two neurons in 
the motor pathway (table 17.1). The first of these neurons has 
its cell body in the gray matter of the brain or spinal cord. The 
axon of this neuron does not directly innervate the effector 
organ but instead synapses with a second neuron within an 
autonomic ganglion. (A ganglion is a collection of cell bodies 
outside the CNS.) The first neuron ts thus called a pregan- 
glionic neuron. The second neuron in this pathway, called a 
postganglionic neuron, has an axon that extends from the au- 
tonomic ganglion and synapses with the cells of an effector 
organ (fig. 17.1, right). 

Preganglionic autonomic fibers originate in the mid- 
brain and hindbrain and from the upper thoracic to the 
fourth sacral levels of the spinal cord. Autonomic ganglia 
are located in the head, neck, and abdomen; chains of 
autonomic ganglia also parallel the right and lett sides of 
the spinal cord. The origin of the preganglionic fibers and 


Ganglion Gk ganglion, a swelling 
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Autonomic motor 


Cardiac muscle, smooth 
muscle, and glands 


Cell bodies of postganglionic 
autonomic fibers located in 
paravertebral, prevertebral 
(collateral), and terminal ganglia 


No specialization of postsynaptic | 
membrane, all areas of smooth 
muscle cells contain receptor — 
proteins for neurotransmitters. 


Either excitatory or inhibitory 


(3 um), postganglionic fi 
unmyelinated and very thin 
(about 1.0 pm) 


Muscle tone and function per 
trophy , target cells show dener 


hypersensitivity 


the location of the autonomic ganglia 
help to differentiate the sympathetic 
and parasympathetic divisions of the 
autonomic nervous system, which we 
wall discuss in later sections of this 
chapter. 


Visceral Effector Organs 


Since the autonomic nervous system 
helps to regulate the activities of 
glands, smooth muscles, and cardiac 
muscle, autonomic control is an inte- 
gral aspect of the physiology of most 
of the body systems. Autonomic regu- 


lation, then, partly explains the func- 
tioning of smooth muscle (chapter 12), 
the endocrine glands (chapter 19), the 
circulatory system (chapters 21 and 
22), and, in fact, of all the remaining 
=“ systems yet to be discussed. Although 
we will describe the various functions 
of the target organs of autonomic in- 
nervation in subsequent chapters, at 
this point we will consider some of the 
basic features of autonomic regulation. 

Unlike skeletal muscles, which 
enter a state of flaccid paralysis and 
atrophy when their motor nerves are 
severed, the involuntary effectors are 
somewhat independent of their innervation. For example, 
smooth muscles maintain a resting tone (tension) in the 
absence of nerve stimulation. In fact, damage to an auto- 
nomic nerve makes its target tissue more sensitive than 
normal to stimulating agents. This phenomenon is called 
denervation hypersensitivity. Such compensatory changes 
can explain why, for example, the ability of the mucosa 
of the stomach to secrete acid may be restored after its 
neural supply from the vagus nerve is severed. (This pro- 
cedure is called gastric vagotomy, and is sometimes per- 
formed as a treatment for ulcers.) 

In addition to their intrinsic (“built-in”) muscle tone, 
cardiac muscle and many smooth muscles take their au- 
tonomy a step further. These muscles can contract rhyth- 
mically, even in the absence of nerve stimulation, in 
response to electrical waves of depolarization initiated by 
the muscles themselves. Autonomic innervation simply in- 
creases or decreases this intrinsic activity. Autonomic nerves 
also maintain a resting “tone” in the sense that they main- 
tain a baseline firing rate that can be either increased or 


Autonomic Nervous System 


decreased. A decrease in the excitatory input to the heart, 
for example, will slow its rate of beat. 

The release of the neurotransmitter (ACh) from so- 
matic motor neurons always stimulates the effector organ 
(skeletal muscles). By contrast, some autonomic nerve fibers 
release transmitters that inhibit the activity of their effectors. 
An increase in the activity of the vagus nerve that supplies 
inhibitory fibers to the heart, for example, will slow the heart 
rate, Whereas a decrease in this inhibitory input will increase 
the heart rate. 


ne 
r 


7 
| 
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Livisions of the f 


fat 
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Preganglionic neurons of the sympatheuc division of the autonomic 
nervous system originate at the thoracic and lumbar levels of the spmal 
cord and send axons to sympathete ganglia, which parallel the spmal 
cord. Preganglionic neurons of the parasympathetic division, by 
contrast, originate in the bram and at the sacral level of the spinal cord 
and send axons to ganglia located mn different regions of the body m or 
near the effector organs. 
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FIGURE 17.2 

The sympathetic chain of 
paravertebral ganglia showing 
its relationship to the vertebral 


Posterior (dorsal) root 
column and the spinal cord. 


Anterior (ventral) root 


Rami communicantes 


Spinal nerve 


Rib 


The sympathetic and parasympathetic divisions of the au- 
tonomic nervous system have some structural features tp 
common: both consist of preganglionic neurons that ongy- 
nate in the CNS and postganglionic neurons that originate 
outside of the CNS in ganglia. The specific origin of the 
preganglionic fibers and the location of the ganglia, how- 
ever, are different in the two divisions of the autonomic ner- 


vous system. 


Sympathetic (Thoracolumbar! Division 


The sympathetic division is also called the thoracolumbar di- 
vision of the autonomic nervous system because its pregan- 
glionic fibers exit the spinal cord from the first thoracic (T1) 
to the second lumbar (L2) levels. Most sympathetic nerve 
fibers, however, separate from the somatic motor fibers and 
synapse with postganglionic neurons within a double row of 
sympathetic ganglia, or paravertebral ganglia, one row on 
each lateral side of the spinal cord (fig. 17.2). Ganglia within 
each row are interconnected, forming a sympathetic chain of 
ganglia that parallels the spinal cord on either lateral side. 
The preganglionic sympathetic fibers are myelinated 
and thus appear white. These fibers form communicating 
branches called white rami communicantes (singular, ramus 


Spinal cord 


/ = Sympathetic chain 
<2 — of paravertebral ganglia 


Sympathetic ganglion 


Vertebral body 
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e— Preganglionic neuron 


» —-— Postganglionic neuron 
Posterior root 
Posterior ganglion 
Posterior gray horn (dorsal) root \ 


Spinal nerve 


White ramus 
Anterior (ventral) 
root 


Spinal cord 
FIGURE 17.3 


Sympathetic chain ganglia, the sympathetic chain, and rami 
communicantes of the sympathetic division of the ANS. (Solid 
lines = preganglionic fibers; dashed lines = postganglionic 
fibers.) 


communicans). Some of the preganglionic sympathetic fibers 
synapse with postganglionic neurons located at their same 
level in the chain of sympathetic ganglia. Other pregan- 
glionic fibers travel up or down within the sympathetic 
chain before synapsing with postganglionic neurons. Since 
the fibers of the postganglionic sympathetic neurons are 
unmyelinated and thus appear gray, they form gray rami 
communicantes. Postganglionic axons in the gray rami ex- 
tend directly back to the anterior roots of the spinal nerves 
and travel distally within the spinal nerves to innervate 
their effector organs (fig. 17.3). 

Within the chain of paravertebral ganglia, divergence is 
apparent when a single preganglionic fiber branches to synapse 
with many postganglionic neurons located at different levels 
in the chain. Convergence 1s apparent also, when a given post- 
ganglionic neuron receives synaptic input from a large num- 
ber of preganglionic fibers. The divergence of impulses from 
the spinal cord to the ganglia and the convergence of 
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famus: L_ ramus, a branch 
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—— Sympathetic chain 


— 
~ 


Visceral effectors 
Smooth muscle of 
blood vessels, arrector 
pili muscles, and 
sweal glands 


Sympathetic chain 
ganglion 


Splanchnic 
nerve 


\ 
Visceral effector \ m6 / 
intestine 


Collateral 
ganglion 
(celiac ganglion) 


impulses within the ganglia usually results in the mass acti- 
vation of almost all of the postganglionic neurons. This ex- 
plains why the sympathetic division is usually activated as a 
unit and affects all of its effector organs at the same time. 

Many preganglionic fibers that exit the spinal cord in 
the upper thoracic level travel into the neck, where they 
synapse in cervical sympathetic ganglia (fig. 17.4). Post- 
ganglionic neurons from here innervate the smooth muscles 
and glands of the head and neck. 


Collateral Ganglia Many preganglionic fibers that exit the 
spinal cord below the level of the diaphragm pass through 
the sympathetic chain of ganglia without synapsing. Beyond 
the sympathetic chain, these preganglionic fibers form 
splanchnic (splangk ‘nik) nerves. Preganglionic fibers in the 
splanchnic nerves synapse in collateral, or prevertebral, 
ganglia. These include the celiac, superior mesenteric, and 
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splanchnic. Gk. splanchono-, relating to viscera 
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External carotid 
artery and plexus 


Carotid sinus 


Intermediate cervical 
sympathetic ganglion 


Common carotid artery 


FIGURE 17.4 


The cervical sympathetic ganglia. 


inferior mesenteric ganglia (figs. 17.5 and 17.6). Postganglionic 
neurons that arise from the collateral ganglia innervate or- 
ans of the digestive, urinary, and reproductive systems. 


Adrenal Glands) The paired adrenal glands are located 
above each kidney. Each adrenal gland ty composed of two 
parts: an outer adrenal cortex and an inner adrenal medulla, 
These two parts are really two tuncronally different glands 
with different embryonic ortgins, ditferent hormones, and 
different regulatory mechanisms. The adrenal cortex secretes 
steroid hormones; the adrenal medulla secretes the hormone 


PPPTTTETEST TT 
adrenal L ad to renes, kidney 

cortex L cortex bark 

medulla | medulla marrow 


Vagus nerve 
(cut) 


Supenior cervical 
sympathetic ganglion 


Gray rami 


Middle cervical 
sympathetic ganglion 


Cvil 


Cviu 


Inferior cervical 
sympathetic ganglion 


Subclavian artery 


epinephrine (adrenaline) and, to a lesser degree, norepi- 
nephrine, when it is stimulated by the sympathetic division 
of the autonomic nervous system. 

The adrenal medulla can be likened to a moditied sym- 
pathetic ganglion; its cells are derived from the same em- 
bryonic tissue that forms postganglionic sympatheuc 
neurons. Like a sympathetic ganglion, the cells of the adrenal 
medulla are innervated by preganglionic sympathetic fibers 
The adrenal medulla secretes epinephrine into the blood in 
response to this neural stimulation. The ettects of epineph- 
rine are Complementary to those of the neurotransmitter 
norepinephrine, which ty released trom postganglionic sym- 
pathenie nerve endings. For this reason, and because the 
adrenal medulla is stamulated as part of the mass activarion 
of the sympathetic system, the two are often grouped to- 
gether as the sympathoadrenal system. 
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Superior mesenteric 
ganglion 


First lumbar 
sympathetic 
ganglion 


Pelvic sympathetic 
chain 


Parasympathetic (Craniosacral! Division 


The parasympathetic division is also known as the cranio- 
sacral division of the autonomic nervous system, This is be- 
cause its preganglionic neurons originate in the brain 
(specifically, in the midbrain and the medulla oblongata of 
the brain stem) and in the second through fourth sacral lev- 
els of the spinal cord. These preganglionic parasympathetic 
fibers synapse in ganglia that are located next to (or actur 
ally within) the organs innervated. These parasympatheuc 
ganglia, which are called terminal ganglia, supply the post- 
ganglionte neurons that synapse with the effector cells. 
The comparative structures of the sympathetic and 
parasympathetic divisions are summarized in tables 17.2 and 
17.3. It should be noted that, unlike sympatheric fibers, most 
Parasympathene fibers do not tray el within spinal nerves. As 
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Celiac ganglion 


Renal plexus 


Aortic 
plexus 


Inferior mesenteric 
ganglion 


FIGURE 17.5 

The collateral sympathetic 
ganglia: the celiac and the 
superior and inferior mesenteric 
Lew ganglia 


a result, cutaneous effectors (blood vessels, sweat glands, and 
arrector pili muscles) and blood vessels in-skeletal muscles 
receive sympathetic but not parasympathetic innervation. 

~ Four of the 12 pairs of cranial nerves (described in 
chapter 16) contain preganghonic parasympathetic fibers. 
These are the oculomotor (third cranial), facial (seventh 
cranial), glossopharyngeal (ninth cranial), and vagus (tenth 
cranial) nerves. Parasympathetic fibers within the tirst three 
of these cranial nerves synapse in ganglia located in the 
bead; fibers in the vagus nerve synapse in terminal ganglia 
located in many regions of the body. 

The oculomotor nerve Contains somatic motor and 
parasympathetic tibers that onginate in the oculomotor nu- 
clet of the midbrain. These parasympathetic tibers synapse in 
the ciliary ganglion, whose postganglionic fibers innervate 
the ciliary muscle and constrictor fibers in the iris of the 
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| Table We rn Serie 


(thoracolumbar) division 


Parts of body Spinal originof Origin of 
innervated preganglionic postganglionic 
fibers fibers 
Eye C8, 11 Cervical ganglia 
_ Headandneck T1-T4 Cervical ganglia 
{ Heart and lungs 11-15 Upper thoracic 
{ (paravertebral) ganglia 
T2-T9 Lower cervical and 


Upper 
extremities 


_ upper thoracic 
(paravertebral) ganglia 
Celiac and superior 


eye. Preganglionic fibers that originate in the pons travel in 
the facial nerve to the pterygopalatine (ter ’T-go-pal ‘a-tén) 
ganglion, which sends postganglionic fibers to the nasal mu- 
cosa, pharynx, palate, and lacrimal glands. Another group 
of fibers in the facial nerve terminate in the submandibular 
ganglion, which sends postganglionic fibers to the sub- 
mandibular and sublingual glands. Preganglionic fibers of 
the glossopharyngeal nerve synapse in the otic ganglion, 
which sends postganglionic fibers to the parotid gland. 
Other nuclei in the medulla oblongata contribute pre- 
ganglionic fibers to the very long vagus (tenth cranial) nerves. 
These preganglionic fibers travel through the neck to the 
thoracic cavity, and through the esophageal hiatus (open- 
ing) in the diaphragm to the abdominal cavity (fig. 17.6). In 
each region, some of these preganglionic fibers branch trom 
the main trunks of the vagus nerves and synapse with post- 
ganglionic neurons that are located within the innervated or- 
gans. The preganglionic vagus fibers are thus quite long; they 
provide parasympathetic innervation to the heart, lungs, 
esophagus, stomach, pancreas, liver, small intestine, and the 
upper half of the large intestine. Postganglionic parasympa- 
thetic fibers arise from terminal ganglia within these organs 
and synapse with effector cells (smooth muscles and glands). 
Preganglionic fibers from the sacral levels of the spinal 
cord provide parasympathetic innervation to the lower half 
of the large intestine, to the rectum, and to the urinary and 


" 


| Table 3 The parasympathetic (cradlesaerel) division . 


TS. 


Sy HOO TESTE 


reproductive systems. These 
fibers, like those of the vagus 
nerves, synapse with terminal 
ganglia located within the effec- 


Effector organs Origin ie = Nerve Location of tor organs. 

ads iil cee = Parasympathetic nerves to 
the visceral organs thus consist of 
Eye (smooth muscle in iris Midbrain (cranial) Oculomotor (third Ciliary ganglion preganglionic fibers, whereas 
and ciliary body) cranial) nerve sympathetic nerves to these or- 
_ Lacrimal, mucous, and Medulla oblongata Facial (Seventh cranial) | Pterygopalatine and gans contain postganglionic 
salivary glands (cranial) nerve submandibular fibers. A composite view of the 
ganglia sympathetic and parasympathetic 
d gland Medulla oblongata Glossopharyngeal Otic ganglion systems is provided in figure 17.7, 
(cranial) (ninth cranial) nerve and the comparisons are summa- 

rt, lungs, gastrointestinal © Medulla oblongata Vagus (tenth cranial) Terminal ganglia in rized in table 17.4. 

er, pancreas (cranial) nerve or near organ 

ae - od SPP e eee eeeeeeeseseseesseaeeeeeneee® 

S2-S4 (sacral) Pelvic spinal nerves Terminal gangli vagus. L. vagus, wandering 


Organ: 
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FIGURE 17.6 

The vagus nerve and its 
branches provide 
parasympathetic 
innervation to most organs 
of the internal environment. 


Internal jugular vein 
Thyroid cartilage of larynx 


Right recurrent laryngeal 
nerve 


Trachea 


Right pulmonary branch 


Right coronary branch 


Right gastric nerve 
Celiac plexus 
Diaphragm 


Liver 


Superior 
mesenteric nerve 


Functions of the Autonomic 
llervous uystem 


The sympathetic division of the autonomic nervous system activates the 
body to “fight or flight,” largely through the release of norepinephrme 
from postganglionic fibers and the secretion of epinephrine from the 
adrenal medulla. The parasympatheue division often pre rduces 
antagonistic effects through the release of acetylcholine from its 
postganglionic fibers. The actions of both divisions of the autonomic 
nervous system must be balanced m order to mamta homeostasis. 


Hyoid bone ——____-_ Re 


ee Superior ganglion 
- Interior ganglion 


7 
| i ‘ 
, Vagus nerve 


Vs: 
_—- 
— Ltt recurrent laryngeal 

- nerve 


Common carotid artery 


Aortic arch 


Left pulmonary branch 
Left coronary branch 


Left gastric nerve 


Stomach 


Colon 


Small intestine 


Autonomic Nervous System 


The sympathetic and parasympathetic divisions of the au- 
tonomic nervous system affect the visceral organs in differ- 
ent ways. Mass activation of the sympathetic division 
ptepares the body for intense physical activity in emergen- 
cies; the heart rate increases, blood glucose rises, and blood 
is diverted to the skeletal muscles (away from the viscera 
and skin). These and other effects are listed in table 17.5, 
The theme of the sympathetic system is aptly summarized 
ina phrase—fight or flight. 

The effects of parasympathetic nerve stimulation are 
often opposite to the effects of sympathetic stimulation. 
The parasympathetic division, however, is not normally ac- 
tivated as a Whole. Stimulation of separate parasympathetic 
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Table 1. 4 "Comparison of the sympathetic and ona ee Perstlc divisions of the 


Tae oe —~—s Parasympathetic / ae 


Midbrain, hindbrain, and sacral portion of spinal 


cord 
Terminal ganglia in or near effector organs 


Thoracolumbar portion of spinal cord 


Chain of paravertebral ganglia and 
prevertebral (collateral) ganglia 


ngalionic fiber: Through ut » hod 


Cranial nerve Ill 
Eye 


Midbrain Cranial nerve VII 
7 —_—— =a Lacrimal gland 
Hindbrain Cranial nerve IX | ere rz and nasal mucosa 
Cranial nerve X / ——S SSS SS 
- a Submandibular 
LO xe and sublingual 
TT Z am glands 
T2 —— 
13 7 ~— Parotid gland 
—_ Tare! 
T4 set wc. s << 
-—x~ > 
pao ba 
8 me ae =~ Lung 
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ial oe oil ss 
17 = Celiac 
mpathetic chain J sanaien 
T8 7 lion -~.~ 
E . > Heart 
19 eras splanchnic >. . 
=. 
T10 pS — 
mM Cr Liver and gallbladder 
Lesser splanchnic \ 
T12 ~~, nerve a Spleen 
u4 5 \ Stomach 
upenior j : 
mesenteric /¢ 7. , Pancreas 
‘ | anglion XN Z 
gang me . Large intestine 
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Sa. 
Pelvic nerves > Uninary bladder 
FIGURE 17.7 Reproductive 
The autonomic nervous system. The i athetic division is ’ “A } organs 
shown in brown, the parasympathetic in blue. The solid lines y ww? 
indicate pre zanglhonic fibers, and th e dotted lines indicate ace +4 
postganghonic fibers 
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Table 5 Effects of autonomic nerve stimulation on 
various visceral effector organs 


Effector organ 


Eye 


Iris (pupillary 
dilator muscle) 


Iris (pupillary 
sphincter muscle) 


Ciliary muscle 


Glands 
Lacrimal (tear) 
Sweat 

Salivary 


Stomach 
Intestine 
Adrenal medulla 


Heart 

Rate 
Conduction 
Strength 
Blood vessels 


Lungs 
Bronchioles (tubes) 
Mucous glands 


Gastrointestinal tract 
Motility 

Sphincters 

Liver 


Adipocytes (fat cells) 
Pancreas 


Spleen 
Urinary bladder 
Arrector pili muscles 


Uterus 


Penis 
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Sympathetic effect 


Dilation of pupil 


Relaxation (for far vision) 


Stimulation of secretion 


Decreased secretion; saliva 
becomes thick 


Stimulation of hormone 
secretion 


Increased 
Increased rate 
Increased 


Mostly constriction; 
affects all organs 


Dilation 
Inhibition of secretion 


Inhibition of movement 
Closing stimulated 


Stimulation of glycogen 
hydrolysis 
Stimulation of fat hydrolysis 


Inhibition of exocrine 
secretions 


Stimulation of contraction 
Muscle tone aided 


Stimulation of hair erection, 
causing goosebumps 


If pregnant, contraction, 
if not pregnant, relaxation 


Ejaculation 


Parasympathetic effect 


Constriction of pupil 


Contraction (for near vision) 


Stimulation of secretion 


Increased secretion; saliva 
becomes thin 


Stimulation of secretion 
Stimulation of secretion 


Decreased 
Decreased rate 


Dilation in a few organs 
(e.g., penis) 


Constriction 
Stimulation of secretion 


Stimulation of movement 
Closing inhibited 


Stimulation of exocrine 
secretions 


Stimulation of contraction 


Erection (due to 
vasodilation) 


nerves can result in slowing of the 
heart, dilation of visceral blood vessels, 
and increased activity of the gastroin- 
testinal (GI) tract (table 17.5). Visceral 
organs respond differently to sympa- 
thetic and parasympathetic nerve ac- 
tivity because the postyanghonic fibers 
of these two divisions release different 


neurotransmitters. 


Neurotransmitters of the 
Autonomic Nervous system 


Acetylcholine (ACh) is the neuro- 
transmitter of all preganglionic fibers 
(both sympathetic and parasympa- 
thetic). Acetylcholine ts also the trans- 
mitter released by parasympathetic 
postganglionic fibers at their synapses 
with effector cells (fig. 17.8). Transmis- 
sion at these synapses is thus said to be 
cholinergic (ko “li-ner jk). 

The neurotransmitter released by 
most postganglionic sympathetic nerve 
fibers 1s norepinephrine (noradrenalin). 
Transmission at these synapses is thus 
said to be adrenergic (ad “‘ré-ner jtk). 
There are a few exceptions, however. 
Some sympathetic fibers that innervate 
blood vessels in skeletal muscles and the 
external genitalia, as well as sympathetic 
fibers to sweat glands, release ACh (are 
cholinergic). 

In view of the face that the cells of 
the adrenal medulla are embryologically 
related to postganglionic sympathetic 
neurons, it iy not surprising that the hor- 
mones released by the adrenal medulla 
should consist of epinephrine (about 
85%) and norepinephrine (about 15%). 
Epinephrine differs from norepinephrine 
only in that the former has an additional 
methyl (CH) group, as shown in figure 
17.9. Epinephrine, norepinephrine, and 
dopamine (a transmitter within the 
CNS) are all derived from the amino 
acid ryrosing and are collectively termed 
catecholamines. 
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HO C CH,NH2 HO ir CH,NH— CH, 
OH OH 
HO HO 


Norepinephrine Epinephrine 


FIGURE 17.9 
The structure of the catecholamines norepinephrine and 


epinephrine. 


Responses to Adrenergic stimulation 


Adrenergic stumulation—by epinephnne in the blood and by 
norepinephrine released from sympathetic nerve endings— 
has both excitatory and inhibitory effects. The heart, dilatory 
muscles of the arts, and the smooth muscles of many blood 
vessels are stimulated to contract. The smooth muscles of 
the bronchioles and of some blood vessels, however, are in- 
hibited from contracting; adrenergic chemicals, therefore, 


cause these structures to dilate. 


Since excitatory and inhibitory effects can 
be produced in different tissues by the same 
chemical, the responses clearly depend on the 
biochemistry of the tissue cells rather than on 
. the intrinsic properties of the chemical. Included 
in the biochemical differences among the target tissues for 
catecholamines are differences in the membrane recentoy gue 
teins for these chemical agents. The two major classes of 
these receptor proteins are designated alpha- (@) and beta- 
(B) adrenergic receptors. (Recall from chapter 14 the de- 
scription of the interaction of neurotransmitters and re- 
ceptor proteins.) 

Experiments have revealed that there are two subtypes 
of each category of adrenergic receptor. These are designated 
by subscripts: a) and a2; By and 32. Sctentists have developed 
compounds that selectively bind to one or the other type of 
adrenergic receptor and, by this means, either promote of in 
hibit the normal action produced when epinephrine or nor 
epinephrine binds to the receptor. Asa result of its binding to 
an adrenergic receptor, a drug may either promote or inhibit 
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the adrenergic effect. Also, by using these sele 


: : ctive com- 
pounds, it has been possible to dete 


I tmine which subtype of 
adrenergic receptor predominates in each organ (table 17.6) 
‘ ) g ¢ 6). 

A rey iew of table 17.6 reveals certain generalities 
about the actions of adrenergic receptors. The 
alpha-adrenergic receptors consistently causes contraction 
of smooth muscles. One can thus state that the Vasocon- 
strictor effect of sympathetic nerves alw 


stimulation of 


ays results from the 
activation of alpha-adrenergic receptors. The effects of beta- 
adrenergic activation are more complex; these receptors 
stimulate the relaxation of smooth muscles (in the gas- 
trointestinal tract, bronchioles, and uterus, for example), 
but stimulate contraction of cardiac muscle and promote 
an increase in cardiac rate. 


as agonists or antagonists) adrenergic receptors are of 

great clinical benefit. Many people with hypertension, 

for example, have received a beta-blocking drug 
known as propranolol. This drug blocks i; receptors, which 
are located in the heart, and thereby has the desired effect of 
lowering the cardiac rate and blood pressure. Propranolol, 
however, also blocks 2 receptors. which are located in the 
bronchioles of the lungs. This reduces the bronchodilation 
effect of epinephrine, producing bronchoconstriction and 
asthma in susceptible people. A more specific 3, antagonist, 
atenolol, is now used instead to slow the cardiac rate and 
lower blood pressure. At one time, asthmatics inhaled an 
epinephrine spray, which stimulates B, receptors in the heart 
as well as $2 receptors in the airways. Now, drugs such as 
terbutaline that selectively function as {32 agonists are more 
commonly used. Drugs that function as @; agonists, such as 
phenylephrine, are often part of nasal sprays because they 
promote vasoconstriction in the nasal mucosa. 


\ The use of drugs that selectively stimulate or block (act 


The diverse effects of epinephrine and norepinephrine 
can be understood in terms of the fight-or-flight theme. 
Adrenergic stimulation wrought by activation of the sym- 
pathetic division produces an increase In cardiac pumping (a 
B, effect), vasoconstriction and thus reduced blood flow to 
the visceral organs (an @-adrenergic effect), dilation of pul- 
monary bronchioles (a B; effect), and so on. 


Responses to Cholinergic stimulation 


Somatic motor neurons, preganglionic auton 
and postganglionic parasympathetic neurons are cholinergic 
—they release acetylcholine as a neurotransmitter. The 
cholinergic effects of somatic motor neurons and pregan- 
always excitatory. The cholin- 


omic neurons, 


ghonic autonomic neurons are ; 
ergic effects of postganglionic parasympathetic fibers are 
usually excitatory, but there 
Parasympathetic fibers innervating the he 
heart rate. It is useful to remember that 


are notable exceptions. The 
art, for example, 


cause slowing of the 
the effects of parasympathetic stimulation are, in general, 
opposite to the effects of sympatheric surmulation, 
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There are two known subtypes of cholinergic recep- 
tors. The drug muscarine (mus ‘ka-rén), derived from pot- 
sonous mushrooms, stimulates the cholinergic receptor 
proteins in the target organs of postganglionic parasym- 
pathetic nerve fibers (such as in the heart, eye, and di- 
gestive system). Muscarine, however, does not stimulate 
ACh receptor proteins in autonomic ganglia or at the neu- 
romuscular junction of skeletal muscle fibers. The ACh 
receptors stimulated by muscarine are called muscarinic 
receptors, and the effects produced by parasympathetic 
nerves in their target organs are called muscarinic effects 
(indicated in table 17.6). 

The drug nicotine, derived from the tobacco plant, 
specifically stimulates cholinergic transmission of pre- 
ganglionic fibers at the autonomic ganglia, as well as ac- 
tivation of the neuromuscular junction of skeletal muscles. 
These ACh receptors are called nicotinic receptors to dis- 
tinguish them from the muscarinic receptors. The drug 
curare, used clinically to relax skeletal muscles, specifi- 
cally blocks nicotinic receptors but has little effect on 
Muscarinic receptors. 

The muscarinic effects of ACh are specifically inhib- 
ited by the drug atropine, derived from the deadly night- 
shade plant (Arropa belladonna). Indeed, extracts of this plant 
were used by women during the Middle Ages to dilate their 
pupils (atropine inhibits parasympathetic stimulation of the 
iris), which was thought to enhance their beauty 
(belladonna—beaurtiful lady). Atropine is used clinically 
today to dilate pupils during eye examinations, to dry mucous 
membranes of the respiratory tract prior to general anes- 
thesia, and to inhibit spasmodic contractions of the lower 
gastrointestinal tract. 


Uther Autonomic Neurotransmitters 


Certain postganglionic autonomic axons produce their ef- 
fects through mechanisms that do not involve either 
norephinephrine or acetylcholine. This can be demonstrated 
experimentally by the inability of drugs that block adrener- 
gic and cholinergic effects from inhibiting the actions of 
those autonomic axons. These axons, consequently, have 
been termed nonadrenergic noncholinergic fibers. Candidate 
molecules for the role of neurotransmitter by these axons in- 
clude the gas nitric oxide (NO). 

The nonadrenergic noncholinergic parasympathetic 
axons that innervate the blood vessels of the penis cause the 
smooth muscles of these vessels to relax, hence producing 
vasodilation and a consequent erection of the penis. These 
parasympathetic axons have been shown to use nitric oxide 
(chapter 14) as their neurotransmitter. In a similar manner, 
nitric oxide appears to function as the autonomic neuro- 
transmitrer causing vasodilation of cerebral arteries. In these 
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K Table I. ia sure neruiG sae cholinergic effects of sympathetic dnd parasympathetic nerves 


Effect of _—— 
; Sympathetic Parasympathetic . 
Action Receptor* Action ‘a Receptor 


Contracts 


Contracts 


P. Accelerates Bi Decelerates 
Decreases (atria) 


Increases 


Contracts 
Relaxes 
Relaxes 


Contracts 


Relaxes 


Relaxes Contracts 
Relaxes 


Increases 


Constricts 
Decreases 
Inhibits 


Relaxes Contracts 


Constricts Relaxes 
Relaxes 


Contracts 


rR Rel YP 


Ejaculation Erection 


Contracts 


"Adrenergic receptors are indicated as alpha («) or beta ({$); cholinergic receptors are indicated as muscarinic (M). 
**Vascular smooth muscle in skeletal muscle has sympathetic cholinergic dilator fibers 


Reproduced, with permission, from Katzung. BG: Basic and Clinical Pharmacology, 4th edition, copyright Appleton & Lange. 1989. 
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cases, nitric oxide diffuses across the synaptic cle 


; ft and pro- 
motes relaxation of the postsyn 


aptic smooth muscle cells. 
Nitric oxide can produce relaxation of smooth mus- 


cles in many organs, including the stomach, small intestine, 


large intestine, and urinary bladder. There ts some 
versy, however, about whether the nitric oxide 
each case as a neurotransmitter, or whe 


contro- 
functions in 
ther it is produced 


autonomic stimulation. 
The latter is a real possibility, because diffe 


as the endothelium of blood vessels, can produce nitric 
oxide. Indeed, nitric oxide is a member of 


in the organ itself in response to 


rent tissues, such 


a class of local 
tissue regulatory molecules called paracrine regulators (chap- 
ter 19). Regulation can therefore be a complex process in- 
volving the interacting effects of different neurotransmitters, 
hormones, and paracrine regulators. 


Organs with Dual Innervation 


Most visceral organs receive dual innervation—they are in- 
nervated by both sympathetic and parasympathetic fibers. 
In this condition, the effects of the two divisions may be an- 
tagonistic, complementary, or cooperative. 


Antagonistic Effects} The effects of sympathetic and 
parasympathetic innervation of the pacemaker region of the 
heart is the bestexample of the antagonism of these two sys- 
tems. In this case, sympathetic and parasympathetic fibers 
innervate the same cells. Adrenergic stimulation from sym- 
pathetic fibers increases the heart rate and cholinergic stim- 
ulation from parasympathetic fibers inhibits the pacemaker 
cells and, thus, decreases the heart rate. A reverse of this an- 
tagonism is seen in the gastrointestinal tract, where sympa- 
thetic nerves inhibit intestinal movements and secretions 
and parasympathetic nerves stimulate these movements and 
secretions. 

The effects of sympathetic and parasympathetic stimu- 
lation on the diameter of the pupil of the eye are analogous 
to the reciprocal innervation of flexor and extensor skeletal 
muscles by somatic motor neurons (chapter 12). This 1s be- 
cause the iris contains antagonistic muscle layers. Contrac- 
tion of the pupillary dilator muscle, which is stimulated by 
impulses through sympathetic nerve endings, causes dilation; 
contraction of the pupillary sphincter muscle, which is in- 
nervated by parasympathetic nerve endings, causes con- 
striction of the pupil (refer to chapter 18, fig. 18.29). 


Complementary Effects 
parasympathetic stimulation on salivary gland secretion are 


The effects of sympathetic and 


complementary. The secretion of watery saliva ts stimulated 
through parasympathetic nerves, which also stimulate the 
secretion of other exocrine glands in the gastrointestinal 
tract. Impulses through sympathetic nerves sumulate the 
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constriction of blood vessels throughout the gastrointesti- 
nal tract. The resultant decrease in blood flow to the sali- 
vary glands causes the production of a thicker, more viscous 
saliva. 


Cooperative Effects} The effects of sympathetic and 
parasympathetic stimulation on the urmary and reproduc- 
tive systems are cooperative. Erection of the penis, for ex- 
ample, is due to vasodilation resulting from parasympathetic 
nerve stimulation; ejaculation is due to stramulation through 
sympathetic nerves. Although the contraction of the uri- 
nary bladder is myogenic (independent of nerve stimula- 
tion), it is promoted in part by the action of parasympathetic 
nerves. This micturition (mik “ti-rish un), or urination, urge 
and reflex is also enhanced by sympathetic nerve activity, 
which increases the tone of the urinary bladder muscles. 
Emotional states that are accompanied by high sympathetic 
nerve activity (such as extreme fear) may thus result in reflex 
urination at urinary bladder volumes that are normally too 
low to trigger this reflex. 


Organs without Dual Innervation 


Although most organs are innervated by both sympathetic 
and parasympathetic nerves, some—including the adrenal 
medulla, arrector pili muscles, sweat glands, and most blood 
vessels—receive only sympathetic innervation. In these 
cases, regulation is achieved by increases or decreases in 
the tone (firing rate) of the sympathetic fibers. Constric- 
tion of blood vessels, for example, is produced by increased 
sympathetic activity, which stimulates alpha-adrenergic re- 
ceptors, and vasodilation results from decreased sympathetic 
nerve stimulation. 

The sympathoadrenal system is required for nonshiver- 
ing thermogenests: animals deprived of their sympathetic di- 
vision and adrenal glands cannot tolerate cold stress. The 
sympathetic division is also required for proper thermoreg- 
ulatory responses to heat. Ina hot room, for example, de- 
creased sympathetic stimulation produces dilation of the 
blood vessels in the surface of the skin, which increases cu- 
taneous blood flow and provides better heat radiation. Dur- 
ing exercise, on the other hand, there is increased 
sympathetic activity, which causes constriction of the blood 
vessels in the skin of the limbs. This by itself would cause 
heat retention, but sympathetic fibers also stimulate sweat 
glands in the trunk. Evaporation of this dilute sweat, se- 
creted in response to cholinergic sympathetic activity, helps 
to cool the body. 
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micturition: L. micturire, to urinate 
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_which transmit this input to centers in the medulla oblongata 


Reflex effects 


Further inhalation inhibited; increase in cardiac rate and vasodilation stimulated 
Stimulated by pulmonary congestion—produces feelings of breathlessness and 


causes a reflex fall in cardiac rate and blood pressure 


Chemoreceptors 


Stimulated by rise in CO2 and fall in O,—produces increased rate of breathing, fall in 


heart rate, and vasoconstriction 


Baroreceptors 


Control of the Autonomic Nervous system 
by Higher Brain Centers 


Visceral functions are largely regulated by autonomic re- 
flexes. In most autonomic reflexes, sensory input is trans- 
mitted to brain centers that integrate this information and 
respond appropriately by modifying the activity of motor 
preganglionic autonomic neurons. The neural centers that 
directly control the activity of autonomic nerves are influ- 
enced by higher brain areas, as well as by sensory input. 

The medulla oblongata (chapter 15) of the brain stem 
is the area that most directly controls the activity of the au- 
tonomic nervous system. Almost all autonomic responses 
can be elicited by experimental stimulation of the medulla 
oblongata, which contains centers for the control of the cir- 
culatory, respiratory, urinary, reproductive, and digestive sys- 
tems. Much of the sensory input to these centers travels 
through the sensory fibers of the vagus nerve—a mixed nerve 
containing both sensory and motor fibers. These reflexes are 
listed in table 17.7. 

Although the medulla oblongata directly regulates the 
activity of autonomic motor fibers, the medulla oblongata 
is itself responsive to regulation by higher brain areas. The 
hypothalamus (chapter 15), for example, is a major center 
for the control of body temperature, hunger, and thirst; reg- 
ulation of the pituitary gland; and—together with the lim- 
bic system and cerebral cortex—various emotional states. 

The limbic system is a group of fiber tracts and nu- 
clei thar form a ring (imbus) around the brain stem. It 
includes the cingulate gyrus of the cerebral cortex, the hy- 


errr rrr rere errr eee ee ee eee eee) 


limbic L /embus edge or border 


Stimulated by pcieased blood aT Teale a pele decrease in heart rate | 


é of urine 7 


pothalamus, the fornix (a fiber tract), the hippocampus, 
and the amygdaloid nucleus (fig. 17.10). The limbic system 
is involved in basic emotional drives, such as anger, fear, 
sex, and hunger. The involvement of the limbic system with 
the control of autonomic function is responsible for the vis- 
ceral responses characteristic of these emotional states. 
Blushing, pallor, fainting, breaking out in a cold swear, heart 
palpitations, and “butterflies in the stomach” are only some 
of the many visceral reactions that, as a result of autonomic 
activation, accompany emotions. 

The autonomic correlates of motion sickness—nau- 
sea, sweating, and cardiovascular changes—are eliminated 
by cutting the motor tracts of the cerebellum. This demon- 
strates that impulses from the cerebellum to the medulla 
oblongata influence activity of the autonomic nervous sys- 
tem. Experimental and clinical observations have also 
demonstrated that the frontal and temporal lobes of the 
cerebral cortex influence lower brain areas as part of their 
involvement in emotion and personality. 

One of the most dramatic examples of the role of 
higher brain areas in personality and emotion is the famous 
crowbar accident of 1848. A 25-year-old railroad foreman, 
Phineas P. Gage, was tamping gunpowder into a hole ina 
rock when it exploded. The rod—three feet, seven inches 
long and one and one-fourth inches thick—was driven 
through his left eye, passed through his brain, and emerged 
from the back of his skull. | 

After a few minutes of cony ulsions, Gage got up, rode 
a horse three-quarters of a mile into town, and walked upa 
long flight of stairs to see a doctor. He recovered well, with 
no noticeable sensory or motor deficits. His associates, how- 
ever, noted striking personality changes. Before the accl- 
dent, Gage was a responsible, capable, financially prudent 
man. Atterward, he was much less inhibited socially, 
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engaging, for example, in gross profanity (which he had 
never done previously). He also seemed to be tossed about by 
chance whims. Eventually Gage was fired from his job, and 
his old friends remarked that he was “no longer Gage.” 


Autonomic Dysreflena 


Autonomic dysreflexia, a serious condition producing rapid 
elevations in blood pressure that can lead to stroke (cere- 
brovascular accident), occurs in 85% of people with quad- 
riplegia and others with spinal cord lesions above the sixth 
thoracic level. Lesions to the spinal cord first produce the 
symptoms of spinal shock, characterized by the loss of both 
skeletal muscle and autonomic reflexes. After a period of 
ume, both types of reflexes return in an exaggerated state. 
The skeletal muscles may become spastic due to absence of 
higher inhibitory influences, and the visceral organs expe- 
rence denervation hypersensitivity. Patients in this state 
have difficulty emptying their urinary bladders and often 
must be catheterized. 

Noxious stimuli, such as overdistension of the urinary 
bladder, can result in reflex activation of the sympathetic 
nerves below the spinal cord lesion. This produces goose 
bumps, cold skin, and vasoconstriction in the regions served 
hy the spinal cord below the level ot the lesion. The rise in 


blood pressure resulting from this vasoconstricdon activates 


Pressure receptors that transmit impulses along sensory nerve 
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fibers to the medulla oblongata. In response to this sensory 
input, the medulla oblongata directs a reflex slowing of the 
heart and vasodilation. Since descending impulses are 
blocked by the spinal lesion, however, the skin is warm and 
moist (due to vasodilation and sweat gland secretion) above 
the lesion but cold below the level of spinal cord damage. 


Pharmacology of the Autonomic Nervous System 


Epinephrine, norepinephrine, acetylcholine, and some 
chemicals that are not normally found in the body can either 
enhance or block the physiological effects of the autonomic 
nervous system. Those drugs that promote sympathetic nerve 
effects are called sympathomimetic (sim “pa-tho-mt-met ‘tk) 
drugs, and those that block sympathetic effects are sympa- 
tholytic (sim “pa-tho-lit tk) drugs. In general, drugs that en- 
hance a particular effect are known as agonists; those that 
block an effect are antagonists. 


Adrenergic Drugs = Earlier in this chapter, we discussed the 
use of B-blocking drugs, such as propranolol, to slow the 
heart and the use of G@; agonist drugs to Cause vasoconstric- 
tion in mucous membranes. Use of these drugs ts easily un- 
derstood, since stimulation of beta-adrenergic receptors in 
the heart increases its rate of beat and stimulation of o; re- 
ceptors In blood vessels Causes vasoconstriction. 

Although it may at first seem paradoxical, some people 
with hypertension are treated with an a: agonist drug— 
clonidine. It is currently believed that presynaptic axon ter- 
minals in the brain contain @) receptors, and that 
sumulation of these receptors inhibits the release of neuro- 
transmitter from the axon terminals. This may represent a 
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negative feedback control of the amount of neurotransmit- 
ter released. It is known that clonidine, by stimulating a) 
receptors in the CNS, inhibits the central activation of the 
sympathetic division of the autonomic nervous system, thus 
serving to decrease the heart rate and lower the blood pres- 
sure of hypertensive patients. 


Cholinergic Drugs Acetylcholine is used as a neurotrans- 
mitter by somatic motor neurons, preganglionic autonomic 
fibers, all postganglionic parasympathetic nerve fibers, and 
some sympathetic nerve fibers. Drugs that are similar in struc- 
ture and action to acetylcholine (methacholine and bethane- 


choline) can promote the effects of these neurons. Drugs thar 
inhibit the action of acerylcholinesterase (an enzyme that 
degrades ACh); for example, physostigmine and neost igmine, 
enhance the action of ACh. Because of the effects of these 
drugs on the neuromuscular junction, they are used in the 
treatment of myasthenia gravis and other muscular disorders. 
Some of these drugs are also used as parasympatho- 
mimetics—drugs that duplicate the action of parasympa- 
thetic neurons—in the treatment of glaucoma. Atropine 
blocks the action of ACh released by postganglionic 
parasympathetic neurons; It is a parasympatholytic drug. 
Atropine is used clinically to block the actions of the 
parasympathetic division, as previously described. 
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Chapter Summary 


Neural Control of Involuntary Effectors 
(pp. 446-448) 


1. There are two basic categories of neurons 
in the motor autonomic pathway: 
preganglionic and postganglionic. 

a. Preganglionic autonomic neurons 
Originate from the brain or spinal cord. 
b. Postganglionic neurons originate from 


nerves. 


2. Preganglionic parasympathetic fibers 
originate in the brain and in the spinal 
cord at the sacral levels. a. Alpha and beta are the two main 
a. Preganglionic parasympathetic fibers 

contribute to oculomotor, facial, 
glossopharyngeal, and vagus cranial b. There are two subtypes of alpha 


b. Preganglionic fibers of the vagus 


and skin, bronchodilation, and 
glycogenolysis in the liver. 


groups of adrenergic receptor 
proteins. 


receptors (a; and a2) and two 
subtypes of beta receptors (f; and 


ganglia located outside the CNS. 


2. Smooth muscle, cardiac muscle, and 


nerve are long and synapse in terminal 
ganglia located next to or within the 
innervated organ; short postganglionic 


Bz); these subtypes can be selectively 
stimulated or blocked by therapeutic 
drugs. 


glands receive autonomic innervation. 


Divisions of the Autonomic Nervous organs. 


System (pp. 448-452) 

1. Preganglionic neurons of the sympathetic 
division originate in the spinal cord, 
between the thoracic and lumbar levels. 
a. Many of these fibers synapse with 


Functions of the Autonomic Nervous 
System (pp. 453-461) 

1. The sympathetic division of the 4. The medulla oblongata of the brain stem 

autonomic nervous system activates the 


fibers then innervate the effector 3. In organs with dual innervation, the 


actions of the sympathetic and 
parasympathetic divisions can be 
antagonistic, complementary, or 
cooperative. 


is the structure that most directly controls 


postganglionic neurons, whose cell 
bodies are located in a double chain of 
sympathetic (paravertebral) ganglia 
outside the spinal cord. 


_ Some preganglionic fibers synapse in 


collateral or prevertebral, ganglia; 
these are the celiac, superior . 
mesenteric, and inferior mesenteric 


ganglia. 


_ Some preganglionic fibers innervate 


the adrenal medulla, which secretes 
epinephrine (and some 
norepinephrine) into the blood in 
response to stimulation. 


body to “fight or flight” through 

adrenergic effects, the parasympathetic 

division often exerts antagonistic actions 
through cholinergic effects. 

a. All preganglionic autonomic nerve 
fibers are cholinergic (use ACh as a 
neurotransmitter). 

b. All postganglionic parasympathetic 
fibers are cholinergic. 

c. Most postganglionic sympathetic 
fibers are adrenergic (use 


Norepinephrine as a neurotransmitter). 


Adrenergic effects include stimulation of 
the heart, vasoconstriction in the viscera 


the activity of the autonomic nervous 

system. 

a. The medulla oblongata is in turn 
influenced by sensory input and by 
input from the hypothalamus. 

b. The hypothalamus is influenced by 
input from the limbic system, 
cerebellum, and cerebrum; these 
interconnections provide an 
autonomic component to some of the 
visceral responses that accompany 
emotions. 
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Review Activities 


Objective Questions 


1, 


5. 


Which of the following statements about 
the superior mesenteric ganglion is true? 
a. It is a parasympathetic ganglion. 

b. It is a paravertebral sympathetic 
ganglion. 

Cc. It is located in the head. 

d. It contains postganglionic sympathetic 
Neurons. 

The pterygopalatine, ciliary, 

submandibular, and otic ganglia are 

a. collateral sympathetic ganglia. 

b. cervical sympathetic ganglia. 

C. parasympathetic ganglia that receive 
fibers from the vagus nerves. 

d. parasympathetic ganglia that receive 
fibers from the occulomotor, facial, 
and glossopharyngeal cranial nerves. 

When a visceral organ is denervated, 

a. it ceases to function. 

b. it becomes less sensitive to 
subsequent stimulation by 
neurotransmitters. 

c. it becomes hypersensitive to 
subsequent stimulation. 


. Parasympathetic ganglia are located 


a. in achain parallel to the spinal cord. 

b. in the posterior roots of spinal nerves. 

c. next to or within the organs 
innervated. 

d. inthe brain. 

The neurotransmitter of preganglionic 

sympathetic fibers is 

a. norepinephrine. 

b. epinephrine. 


10. 


C. acetylcholine. 

d. dopamine. 

Which of the following results from 

stimulation of alpha-adrenergic 

receptors? 

a. Constriction of blood vessels 

b. dilation of bronchioles 

Cc. increased heart rate 

d. sweat gland secretion 

Which of the following fibers release 

norepinephrine? 

a. preganglionic parasympathetic fibers 

b. postganglionic parasympathetic fibers 

C. postganglionic sympathetic fibers in 
the heart 

d. postganglionic sympathetic fibers in 
sweat glands 

e. all ofthe above 

The actions of sympathetic and 

parasympathetic fibers are cooperative in 

a. the heart. 

b. the reproductive system. 

c. the digestive system. 

d. the eyes. 

Propranolol is a “beta-blocker.” It would 

therefore be used to 

a. expand the blood vessels. 

b. slow the heart rate. 

c. increase blood pressure. 

d. increase salivary gland secretion. 

Atropine blocks parasympathetic nerve 

effects. It would therefore be used to 

a. dilate the pupils. 

b. decrease mucus secretion. 


ie 


12. 


c. decrease movements of the 
gastrointestinal tract. 

d. increase the heart rate. 

e. all of the above apply. 

The area of the brain that is most directly 

involved in the reflex control of the 

autonomic nervous system is 

a. the hypothalamus. 

b. the cerebral cortex. 

c. the medulla oblongata. 

d. the cerebellum. 

The two subtypes of cholinergic 

receptors are 

a. adrenergic and nicotinic. 

b. dopaminergic and muscarinic. 

cC. nicotinic and muscarinic. 

d. nicotinic and dopaminergic. 


Essay Questions 


1. 


Compare the sympathetic and 
parasympathetic divisions in terms of 
ganglia location and nerve distribution. 
Describe the anatomical and physiological 
relationship between the sympathetic 
division and the adrenal glands. 
Compare the effects of adrenergic and 
cholinergic stimulation on the 
cardiovascular and digestive systems. 
Explain how effectors that receive only 
sympathetic innervation are regulated by 
the autonomic nervous system. 

Describe the various types of adrenergic 
receptors and explain how their 
differences are Clinically exploited. 
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ensory organs 


: Characteristics of Sensory Receptors 465 


Categories of Sensory Receptors 
: Law of Specific Nerve Energies 
: Generator (Receptor) Potential 


: Somatic Senses 467 


: Cutaneous Receptors 

: Thermoreceptors 

: Pain Receptors 

; Receptive Fields and Sensory Acuity 

: Proprioceptors 

: Neural Pathways for Somatic Sensations 


: Taste and Olfaction 474 


: laste 
: Olfaction 


Equilibrium 478 
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Discuss the different categories of sensory receptors 
and the selectivity of receptors for specific stimuli. 
Explain the law of specific nerve energies and 
distinguish between tonic and phasic receptors. 
Describe the structure, function, and location of the 
tactile receptors and the neural pathway for somatic 
sensation. 

Describe the receptors and neural pathways for pain 
and explain what is meant by referred pain and 
phantom pain, 

Discuss the receptors and neural pathways that 
mediate proprioception, 

Describe the location and structure of taste buds and 
the distribution of the different kinds of taste buds. 
Describe the olfactory receptors and the neural 
pathways for olfaction. 

Distinguish between the membranous and bony 
labyrinth and describe the structure of the vestibular 
apparatus. 


Middle Ear 

Cochlea ! 
Spiral Organ (Organ of Corti) 
Development of the Ear 


Vision 487 


Structures Associated with the Eye 
Structure of the Eyeball 
Refraction j 


Accommodation 


Retina 
Neural Pathways from the Retina 
Development of the Eye 


Clinical Considerations 40d 

Diagnosis of Sensory Organs 

Developmental Problems of the Ears and Eyes 
Infections, Diseases, and Functional 


Impairments of the Ear 


Functional Impairments of the Eye 
Infections and Diseases of the Eye 


Chapter Summary 509 


NEXUS 510 
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Explain how mechanical movements are transduced 
into nerve impulses in the semicircular canals and in 
the otolith organs. 

Describe the neural pathways for the sense of 
equilibrium and explain how the vestibular apparatus 
can influence eye movements. 

Describe the structure of the outer and middie ear, 
and explain how they function in hearing. 

Describe the structure of the cochlea and explain how 
it functions. 

Explain how different pitches of sounds affect the 
cochlea and how different pitches are coded in the 
neural pathways of hearing, 

Describe the structures of the eyeball, trace the path 
of light through the eye, and explain how the focus of 
the eye is adjusted for viewing at different distances. 
Describe the structure of the retina and compare the 
structure and function of rods and cones. 

Describe the neural pathways for visual perception. 
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Each type of sensory receptor is most sensitive to a particular modality 
of environmental stimulus to which tt responds by causing the 
production of action potenuals ma sensory neuron. These impulses are 
conducted to parts of the bram that provide the proper interpretation of 


sensory perception when that particular neural pathway is activated. 


The sense organs are actually extensions of the nervous sys 
tem that allow us to perceive our internal and external en- 
vironments. These sense organs have been described as 
“windows for the brain” because it is through them that we 
achieve awareness of the environment. A stimulus must first 
be received before the sensation can be interpreted and the 
necessary body adjustments dictated by the central nervous 
system can be made. Not only do we depend on our sense 
organs to experience pleasure, they also ensure our very sur- 
vival. For example, they enable us to hear warning sounds, 
see dangers, avoid ingesting toxic substances through taste, 
and perceive sensations of pain, hunger, and thirst. 

A sensation is the conduction of sensory impulses to 
the brain. The interpretation of a sensation is referred to as 
perception. In other words, we feel, see, hear, taste, and smell 
with our brain. In order to perceive a sensation, four con- 
ditions are necessary. 


1 A stimulus sufficient to initiate a response in the nervous 


system must be present. 


2 A receptor must convert the stimulus to a nerve impulse. A 
receptor is a specialized, peripheral dendritic ending of a sensory 
neuron or the specialized receptor cell associated with it, 


3 The conduction of the nerve impulse (sensation) must occur from 


the receptor to the brain along a nervous pathway. 


4 The interpretation of the sensation in the form of a percepuion 


must occur within a specific portion of the brain. 


Only impulses reaching the cerebral cortex of the brain 
are consciously interpreted. If impulses terminate in the 
spinal cord or brain stem, they may initiate a retlexive Motor 
activity response but not a Conscious awareness: Impulses 
reaching the higher brain centers travel through nerve fibers 
COMPOSINY sensory, OF ascending, tracts Clusters of neuron 
cell bodies, called nuclei, are synaptic sites along sensory 
tracts within the CNS. The nucler that sensory impulses 
Pts» through betore reaching the cerebral cortex are located 
inthe spinal cord, medulla oblongata, pons, and thalamus. 

Through the use of screntific instruments, we have 
learned that the senses act as energy filters that allow per- 
ception of only a narrow range of energy. Vision, for exam 


ple, is limited to light waves in the visible spectrum. Other 
types of waves of the same type of energy as visible light, 
such as X rays, radio waves, and ultraviolet and infrared light, 
normally cannot excite the sensory receptors in the eyes. 
Although filtered and distorted by the limitations of sen- 
sory functions, perceptions allow us to interact effectively 
with our environment and are of obvious survival value. 


Categories of sensory Recegtors 


Sensory receptors can he categorized on the basis of structure 
or function. Structurally, sensory receptors may be the den- 
dritic endings of sensory neurons, which are either free (such 
as those in the skin, which mediate pain and temperature) or 
are encapsulated within nonneural structures. The pho- 
toreceptors in the retina of the eyes (rods and cones) are 
highly specialized neurons that synapse with other neurons 
in the retina. In the case of taste buds on the tongue and of 
hair cells in the inner ears, modified epithelial cells respond 
to environmental stimuli and activate sensory neurons. 


Functional Categories Sensory receptors can be grouped 
according to the type of stimulus energy they transduce. 
These categories include (1) chemoreceptors, such as the 
taste buds, olfactory epithelium, and the aortic and carotid 
bodies, which sense chemical stimuli in the environment or 
the blood; (2) photoreceptors (fo “to-re-sep ‘torz)—the rods 
and cones in the retina of the eye, which respond to light; 
(3) thermoreceptors, which respond to changes in temper- 
ature; and (4) mechanoreceptors (mek “a-no-re-sep ‘torz), 
such as the touch and pressure receptors in the skin and the 
hair cells within the inner ear, which respond to mechanical 
deformation of the receptor cell membrane. Nocireceptors, 
(no “st-re-sep ‘torz), or pain receptors, are stimulated by chem- 
icals released from damaged tissue cells and thus are a type of 
chemoreceptor. 

Receptors can also be grouped according to the type 
of sensory information they deliver to the brain. Proprio- 
ceptors (pro” pre-o-sep torz) include the muscle spindles, 
neurotendinous receptors (Golgi tendon organs), and joint 
receptors. These relay information about body position and 
permit fine control of skeletal movements (as discussed in 
chapter 12). Cutaneous receptors include (1) touch and 
pressure receptors; (2) hot and cold receptors; and (3) pain 
receptors. The receptors that mediate sight, hearing, and 
equilibrium are grouped together ay the spectal senses. 

Receptors may be classified as exteroceptors or enterocep- 
tors (visceroceptors). Exteroceptors (ek “ste-ro-sep torz) are lo- 
cated near the surtace of the body and respond to stamuli trom 
the external environment. Visceroceptors (vis “er-o-sep torz) 
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‘Fain receptors Tissue damage 
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Tonic receptor — 
slow-adapting 


(a) 
Phasic receptor — 
fast-adapting 
(b) 
FIGURE 18.1 


Tonic receptors (a) continue to fire at a relatively constant rate as 
long as the stimulus 1s maintained. These produce slow-adapting 
sensations. Phasic receptors (b) respond with a burst of action 
potentials when the stimulus is first applied but quickly reduce 
their rate of firing when the stimulus is maintained. This produces 


fast-adapling sensations. 


produce sensations arising from the viscera, such as internal 
pain, thirst, hunger, and so on. Specialized visceroceptors 
within the circulatory system known as baroreceptors are sen- 
sitive to changes in blood pressure. 


Tonic and Phasic Receptors: Sensory Adaptation Some 
receptors respond with a burst of activity when a stimulus 
is first applied, but then quickly decrease their firing rate— 
adapt to the stimulus—when the stimulus is maintained. 
Receptors with this response pattern are called phasic re- 
ceptors. Receptors that produce a relatively constant rate 
of firing as long as the stimulus is maintained are known as 
tonic receptors (fig. 18.1). 
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Phasic receptors alert us to changes in sensory stimuli 
and are partially responsible for the fact that we can cease 
paying attention to constant stimuli. This ability is called 
sensory adaptation. Odor, touch, and temperature, for ex- 
ample, adapt rapidly; bathwater feels hotter when we first 
enter it. Sensations of pain, by contrast, adapt little if at all. 


law of Specific Nerve Fnergies 


Stimulation of a sensory nerve fiber produces only one 
sensation—touch, cold, pain, and so on. According to the 
law of specific nerve energies, the sensation characteristic 
of each sensory neuron is that produced by its normal, or 
adequate, stimulus (table 18.1). The adequate stimulus for 
the photoreceptors of the eye, for example, is light. If these 
receptors are stimulated by some other means—such as by 
pressure produced by a punch to the eye—a flash of light 
(the adequate stimulus) may be perceived. 

An effect known as paradoxical cold provides another 
example of the law of specific nerve energies. When the tip 
of a cold metal rod is touched to the skin, the perception of 
cold gradually disappears as the rod warms to body temper- 
ature. Then, when the tip of a rod heated to 45° C is ap- 
plied to the same spot, the sensation of cold is perceived 
once again. This paradoxical cold is produced because the 
heat slightly damages receptor endings, and by this means 
produces an “injury current” that stimulates the receptor. 

Regardless of how a sensory neuron is stimulated, 
then, only one sensory modality will be perceived. This 
specificity is due to the synaptic pathways within the brain 
that are activated by the sensory neuron. The ability of re- 
ceptors to function as sensory filters and be stimulated by 
only one type of stimulus (the adequate stimulus) allows 
the brain to perceive the stimulus accurately under nor- 
mal conditions. 


First 
neurofibril 
node 


Receptor; 
dendrites 


FIGURE 18.2 


Sensory stimuli result in the production of local, graded potential 
changes known as receptor, or generator potentials (numbers 
]-4). If the receptor potential reaches a threshold value of 
depolarization, it generates action potentials (number 5) in the 
sensory neuron. 


Generator (Receptor) Potential 


The electrical behavior of sensory nerve endings is similar to 
that of the dendrites of other neurons. In response to an en- 
vironmental stimulus, the sensory endings produce local, 
graded changes in the membrane potential. In most cases 
these potential changes are depolarizations, analogous to 
excitatory postsynaptic potentials (EPSPs, as described in 
chapter 14). In the sensory endings, however, these poten- 
tial changes in response to environmental stimulation are 
called receptor, or generator, potentials because they serve 
to generate action potentials in response to the sensory stim- 
ulation. Since sensory neurons are pseudounipolar (chapter 
14), the action potentials produced in response to the gen- 
erator potential are conducted continuously from the pe- 
riphery into the CNS. 

The lamellated, or pacinian, corpuscle, a cutaneous re- 
ceptor for pressure (see table 18.2) can serve as an example 
of sensory transduction. When a light touch is applied to 
the receptor, a small depolarization (the generator poten- 
tial) is produced. Increasing the pressure on the lamellated 
corpuscle increases the magnitude of the generator poten- 
tial until it reaches the threshold required to produce an ac- 
tion potential (fig. 18.2). The lamellated corpuscle, however, 
isa phasic receptor; if the pressure ts maintained, the size of 
the generator potential produced quickly diminishes. It is 
interesting to note that this phasic response ts a result of the 
omonlike covering around the dendritic nerve ending; tf 
the layers are peeled off and the nerve ending is stumulated 
directly, it will respond ina tonie fashion. 

When a tonic receptor ts sumulated, the generator po- 
tential it produces ts proportional to the intensity of the 
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stimulus. After a threshold depolarization is produced, 1n- 
creases in the amplitude of the generator potential result in 
increases in the frequency with which action potentials are 
produced. In this way, the frequency of action potentials 
that are conducted into the central nervous system serves 
to code for the strength of the stimulus. As described in 
chapter 14, this frequency code is needed because the am- 
plitude of action potentials is constant (they are all-or-none 
events). Acting through changes in action potential fre- 
quency, tonic receptors thus provide information about the 
relative intensity of a stimulus. 


Somatic Senses 


Somatic senses include cutaneous receptors and proprioceptors. 
There are several types of sensory receptors m the skin, each of 
which is specialized to be maximally sensitive to one modality of 
sensation. Proprioceptors provide sensory mformation about 
muscles, joints, and tendons. 


Cutaneous Receptors 


Corpuscles of Touch A corpuscle of touch (Meissner's cor- 
puscle) is an oval receptor composed of a mass of dendritic 
endings from two or three nerve fibers enclosed by connec- 
tive tissue sheaths. These receptors are numerous in the hair- 
less portions of the body, such as the eyelids, lips, tip of the 
tongue, fingertips, palms of the hands, soles of the feet, nip- 
ples, and external genitalia. 

Corpuscles of touch lie within the papillary layer of 
the dermis, where they are especially sensitive to the mo- 
tion of objects that barely contact the skin (chapter 7). Sen- 
sations of fine or light touch are perceived as these receptors 
are stimulated. They also function when a person touches 
an object to determine its texture. 


Free Nerve Endings Free nerve endings are the least mod- 
ified and the most superficial of the tactile receptors. These 
receptors extend into the lower layers of the epidermis, 
where they end as knobs between the epithelial cells. Free 
nerve endings are most important as pain receptors, although 
they also respond to objects that are in continuous contact 
with the skin, such as clothing. 


Root Hair Plexuses Root hair plexuses are a specialized 
type of free nerve ending. They are coiled around hair folli- 
cles, where they respond to movement of the hair. 


somatic’ Gk. somatikos, body 
Meissner’s corpuscle from George Meissner, German histologist, 1829-1905 
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f touch (Meissner's 
Ss) (Mechanoreceptors) 


endings (pressure 
pain receptors) 


plexuses (tactile 


(pacinian) corpuscles 
receptors) 
i 


Cutaneous receptors 


Location 


Papillae of dermis; numerous in 
hairless portions of body 
(eyelids, fingertips, lips, nipples, 
external genitalia) 


Lower layers of epidermis 
Around hair follicles 


Hypodermis; synovial membranes; 
perimysium, certain visceral 
organs 


Function 


Detect light motion against 
surface of skin 


Detect changes in pressure, 
detect tissue damage 


Detect movement of hair 


Detect changes in pressure 


Deep pressure; vibrations — 


. 


fini (thermoreceptors) 
use (thermoreceptors) 


Lower layers of dermis 
Dermis 


Bulb of Krause 


Root hair plexus - ary ye ae 
al 4 i! fh 14 


Y = f 


Lamellated Corpuscles = Lamellated (pacinian) corpuscles 


are large, onion-shaped receptors composed of the dendritic 
are large, 


endings of several : 
tive tissue layers. They are commonly found within the sy- 


sensory nerve fibers enclosed by connec- 


novial membranes and connective tissue surrounding joints, 


in the permmysium of skeletal muscle, and in certain visceral 
organs. Lamellated corpuscles are also abundant in the skin 


pacinian corpuscle. trom Filippo Pacim, Italian anatomist, 1812-1983 


Detect changes in temperature Heat 
Detect changes in temperature Cold 


‘ 


Corpuscle of touch © 
(Meissner's corpuscle) 


of the palms and fingers of the hand, soles of the feet, eX’ 
ternal genitalia, and breasts. 


Lamellated corpuscles respond to heavy pressures, ge™ 
erally those that are constantly applied. They can also detect 
vibrations in tissues and organs. 


/hermoreceptors 


Thermoreceptors are widely distributed throughout the der 
mis of the skin but are especially abundant in the lips and the 
mucous membranes of the mouth and anal regions. There 
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are two kinds of thermoreceptors—one that responds to heat 
and the other to cold. 

Organs of Ruffini. The organs of Ruffini are heat recep- 
tors located deep within the dermis. He 


at receptors are elon- 
gated, oval structures that are most se 


Nsitive to temperatures 


above 25° C (77° F). Temperatures above 45° C (113° F) 
elicit impulses through the organs of Ruffini that are per- 
ceived as painful, burning sensations. 


Bulbs of Krause = The bulbs of Krause are receptors for the 
sensation of cold. They are more abundant than heat re- 
ceptors and are closer to the surface of the skin. The bulbs 
of Krause are most sensitive to temperatures below 20° C 
(68° F). Temperatures below 10° C (50° F) elicit responses 
through the bulbs of Krause that are perceived as painful, 
freezing sensations. 

The cutaneous receptors are summarized in table 18.2. 


Fan Receptors 


The principal receptors for pain are the free nerve endings. 
Several million free nerve endings are distributed throughout 
the skin and internal tissues. Pain receptors are sparse in cer- 
tain visceral organs and are absent within the nervous tissue of 
the brain. Although the free nerve endings are specialized to re- 
spond to tissue damage, all of the cutaneous receptors will relay 
impulses that are interpreted as pain if stimulated excessively. 

The protective value of pain receptors is obvious. Un- 
like other cutaneous receptors, free nerve endings exhibit 
little accommodation, so impulses are relayed continuously 
to the CNS as long as the irritating stimulus is present. Al- 
though pain receptors can be activated by all types of stim- 
uli, they are particularly sensitive to chemical stimulation. 
Muscle spasms, muscle fatigue, or an inadequate supply of 
blood to an organ may also cause pain. 

Impulses for pain are conducted to the spinal cord 
through sensory nerve fibers. The impulses are then con- 
ducted to the thalamus along the lateral spinothalamic tract 
of the spinal cord and from there to the cerebral cortex. Al- 
though an awareness of pain occurs in the thalamus, the 
type and intensity of pain is interpreted in the specialized 
areas of the cerebral cortex. 

The sensation of pain can be clinically classified as so- 
matic pain or visceral pain. Stimulation of the cutaneous 
pain receptors results in the perception of superficial somatic 
pain. Deep somatic pain comes trom stimulation of recep- 
tors in skeleral muscles, joints, and tendons. 

Stimulation of the receptors within the viscera causes 
the perception of visceral pain. Through precise neural 
pathways, the brain is able to perceive the area ot stimulation 


organs of Ruffini: from Angelo Ruffini, italian anatomist. 1864-1929 
bulbs of Krause: from Wilhelm J. F. Krause, German anatomist, 1833-1910 
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and project the pain sensation back to that area. The sen- 
sation of pain from certain visceral organs, however, may 
not be perceived as arising from those organs but from other 
somatic locations. This phenomenon is known as referred 
pain (fig. 18.3). The sensation of referred pain is consistent 
from one person to another and is clinically important in 
diagnosing organ dysfunctions. The pain of a heart attack, for 
example, may be percetved subcutaneously over the heart 
and down the medial side of the left arm. Ulcers of the stom- 
ach may cause pain that is perceived as coming from the 
upper central (epigastric) region of the trunk. Pain from 
problems of the liver or gallbladder may be perceived as lo- 
calized visceral pain or as referred pain arising from the right 
neck and shoulder regions. 


alerts the body to an injury, disease, or organ 
dysfunction, Acute pain is sudden, usually short-term 
and can generally be endured and attnbuted toa 
known cause. Chronic pain. however, 1s long-term and tends 
to weaken a person as it interferes with the ability to function 
effectively. Certain diseases, such as arthnitis, are 
characterized by chronic pain. In these patients, relief of pain 
is of paramount concern. Treatment of chronic pain often 
requires the use of moderate pain-reducing drugs 
(analgesics) or intense narcotic drugs. Treatment in severely 
tormented chronic pain patients may include severing 
sensory nerves or implanting stimulating electrodes in 
appropriate nerve tracts. 


\ The perception of pain has survival value because 1t 


/] 


The phenomenon of the phantom limb was first re- 
ported by a neurologist during the Civil War, who described 
a case where a veteran with amputated legs asked for some- 
one to massage his cramped leg muscle. It 1s now known that 
such phantom limbs are common in amputees, who may ex- 
perience complete sensations from the missing limbs. The 
phantom appears very real to the amputees, especially when 
their eyes are closed, and seems to move in accordance with 
the way the limb would naturally move if it were real. This 
could be useful, as when an amputee ts fitted with a pros- 
thetic that the phantom may be perceived to enter. Pain in 
the phantom is experienced by seventy percent of amputees, 
however, and the pain can be severe and persistent. 

One explanation for phantom limbs is that the nerves 
remaining in the stump can grow into nodules called neuro- 
mas, which generate nerve impulses that are transmitted to 
the brain and interpreted as arising trom the missing limb. 
However, phantom limbs may occur in cases where the limb 
is not amputated, but the nerves that normally enter trom the 
limb are severed in an accident. Or it may occur in someone 
with a spinal cord injury above the level of the limb, so that 
the sensations from the limb do not enter the brain. In these 
cases, the phantom limb phenomenon requires a different ex- 
plantion. Current theories propose that the source of the 
phantom may arise 1n several brain regions whose activity is 
somehow chanyed by the absence of the sensations that would 
normally arise trom the missing limb. 
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Receptive Felds and sensory Acuity 


The receptive field of a neuron serving cutaneous sensation 
is the area of skin whose stimulation results in changes in the 
firing rate of the neuron. Changes in the firing rate of pri- 
mary sensory neurons affect the firing of second- and third- 
order neurons, which in turn affects the firing of those 
neurons in the postcentral gyrus that receive input from the 
third-order neurons. Indirectly, therefore, neurons in the post- 
central gyrus can be said to have receptive fields in the skin. 

The area of each receptive field in the skin varies in- 
versely with the density of receptors in the region. In the back 
and legs, where a large area of skin ts served by relatively few 
sensory endings, the receptive field of each neuron ts corre- 
spondingly large. In the fingertipsp—where a large number of 
cutaneous receptors serve a small area of skin—the receptive 
field of each sensory neuron is correspondingly small. 


Two-Point Touch Threshold = The approximate size of the 
receptive fields serving light touch can be measured by the 
two-point touch threshold test. In this procedure, two points 
of a pair of calipers are lightly touched to the skin at the 
same time. If the distance between the points is sufficiently 
great, each point will stimulate a different receptive field 
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and a different sensory neuron—two separate points of touch 
will thus be felt. If the distance is sufficiently small, both 
points will touch the receptive field of only one sensory neu- 
ron, and only one point of touch will be felt (fig. 18.4). 

The two-point touch threshold, which is the minimum 
distance at which two points of touch can be felt, is a mea- 
sure of the distance between receptive fields. If the distance 
between the two points of the calipers is less than this min- 
imum distance, only one “blurred” point of touch can be 
felt. The two-point touch threshold, which varies for dif- 
ferent regions of the body, is thus an indication of tactile 
acuity, or the sharpness of touch perception. This threshold 
ranges from about 2 mm on the highly sensitive up of the 
tongue to more than 50 mm on some areas of the back. 

The high tactile acuity of the fingertips is exploited in 
the reading of Braille. Braille symbols are formed by raised 
dots on the page that are separated from each other by 2.5 
mm, which ts slightly greater than the two-point touch thresh- 
old in the fingertips. Experienced Braille readers can scan 
words at about the same speed that a sighted person can read 
aloud—a rate of about 100 words per minute. 


acuity L. acuo, sharpen 
Braille: from Louis Braille, French teacher of the blind, 1809-52 


Perception « 
of two points 


FIGURE 18.4 

The two-point touch threshold 
test. If each point touches the 

receptive fields of different sensory neurons, two separate points 
of touch will be felt. If both caliper points touch the receptive field 
of one sensory neuron, only one point of touch will be felt. 


Perception | 
of one point 


Lateral Inhibition §=When a blunt object touches the skin, 
a number of receptive fields may be stimulated. Those re- 
ceptive fields in the center areas where the touch is 
strongest will be stimulated more than those in neighboring 
fields where the touch is lighter. We do not usually feel a 
“halo” of light touch surrounding a center of stronger touch, 
however. Instead, only a single touch ts felt, which is some- 
what more defined than the actual shape of the blunt object. 
This sharpening of sensation is due to a process called lat- 
eral inhibition. 

Lateral inhibition and the resultant sharpening of sen- 
sation occur within the central nervous system. Those sensory 
neurons whose receptive fields are stimulated most strongly 
inhibit—via association neurons that pass “laterally” within 
the CNS—sensory neurons that serve neighboring receptive 
fields. Lateral inhibition similarly plays a prominent role in 
the ability of the ears and brain to discriminate sounds of dif- 
ferent pitch, to be described in a later section. 


Propriocentors 


Proprioceptors are located within skeletal muscle tissue, ten- 
dons, and the synovial membranes and connective tissue sur- 
rounding joints. Some of the sensory impulses from 
proprioceptors reach the level of consciousness as the kines- 
thetic sense, by which the position of the body parts ts per 
ceived. Other proprioceptor information ts not consciously 
interpreted and 1s used to adjust the intensity and tuming of 
muscle contractions to provide coordinated movements. 
With the kinesthetic sense, the position and movement of 
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the limbs can he determined 
without visual sensations, such 
as when dressing or walking in 
the dark. 

High-speed transmission ts 
a vital characteristic of the 
kinesthetic sense, since rapid 
feedback to various body parts 
is essential for quick, smooth, 
coordinated body movements. 
There are three types of propri- 
oceptors: joint kinesthetic re- 
ceptors, neuromuscular spindles, 
and neurotendinous receptors. 


Joint Kinesthetic Receptors 
Joint kinesthetic receptors are 
located in the connective tis- 
sue capsule in synovial joints, 
where they are stimulated by changes in position caused by 
movement at the joints. 


Neuromuscular Spindles = The neuromuscular spindles are 
located in skeletal muscle, particularly in the muscles of the 
extremities. Each neuromuscular spindle (spindle appara- 
tus) contains several thin muscle cells, called intrafusal 
fibers, packaged within a connective tissue sheath. Like the 
stronger and more numerous “ordinary” muscle fibers out- 
side the spindles—the extrafusal fibers—the spindles in- 
sert into tendons on each end of the muscle. Spindles are 
therefore said to be in parallel with the extratusal fibers. 
The extrafusal fibers contain myofibrils along their en- 
tire length, but the intrafusal fibers have no contractile ap- 
paratus in their central regions. The central, noncontracting 
part of an intrafusal fiber contains nuclei. There are two 
types of intrafusal fibers. One type, the nuclear bag fibers, 
have their nuclei arranged in a loose aggregate in the central 
regions of the fibers. The other type of intratusal fibers have 
their nucle arranged in rows and are called nuclear chain 
fibers. Two types of sensory neurons serve these intrafusal 
fibers. Primary, or annulospiral, sensory endings wrap 
around the central regions of the nuclear bag and chain fibers 
(fig. 18.5) and secondary, or flower-spray, endings are lo- 
cated over the contracting poles of the nuclear chain fibers. 
Since the spindles are arranged in parallel with the ex- 
trafusal muscle fibers, stretching a muscle causes its spindles 
to stretch. This stimulates both the primary and secondary 
sensory endings. The spindle thus serves as a length detector 
because the frequency of impulses produced in the primary 
and secondary endings ts proportional to the length of the 
muscle. The primary endings, however, are most simulated 
at the onset of stretch, whereas the secondary endings re- 
spond in a more tonic (sustained) fashion as the stretch ts 


Sensory Organs 


Skeletal muscle 


Peripheral nerve 
(motor and sensory 
nerve fibers) 


Muscle Sensory nerve fibers 


spindle 


Tendon 


Bone 


Chapter Eighteen 


FIGURE 18.5 
The structure of muscle spindles 
within a skeletal muscle. Waldrop 


maintained. Sudden, rapid stretching of a muscle activates 
both types of sensory endings, and is thus a more powerful 
stimulus for the spindles than a slower, more gradual stretch- 
ing that has less of an effect on the primary sensory endings. 
Since activation of the sensory endings in neuromuscular 
spindles produces a reflex contraction, the force of this reflex 
contraction ts greater in response to rapid stretch than to 
vradual stretch. 

In the spinal cord, two types of lower motor neurons 
innervate skeletal muscles. The motor neurons that innervate 
the extrafusal muscle fibers are called alpha motoneurons; 
those that mnervate the intrafusal fibers are called gamma 
motoneurons (fig. 18.5). The alpha motoneurons are larger 
and faster conducting (60-90 meters per second) than the 
thinner, slower conducting (10-40 meters per second) 
gamma motoneurons. Since only the extrafusal muscle fibers 
are sufficiently strong and numerous to cause a muscle to 
shorten, only stimulation by the alpha moroneurons can 
Cause TUS le contraction that results in skeletal movements. 
These are the motor nerve tibers involved in the knee-jerk 
retlex and other stretch reflexes (fig. 18.6). 
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The intrafusal fibers of the muscle spindle are stimu- 
lated to contract by gamma motoneurons, which represent 
one-third of all motor fibers in spinal nerves. The intrafusal 
fibers are too few in number and their contraction is too 
weak, however, to cause a muscle to shorten. Stimulation by 
gamma motoneurons thus results in only isometric contrac- 
tion of the spindles. Since myofibrils are present in the poles 
but absent in the central regions of intrafusal fibers, the more 
distensible central region of the intrafusal fiber is pulled to- 
ward the ends in response to stimulation by gamma mo- 
toneurons. As a result, the spindle is tightened. This effect of 
gamma motoneurons, which is sometimes termed active 
stretch of the spindles, functions to increase the sensitivity 
of the spindles when the entire muscle 1s passively stretched 
by external forces. The activation of gamma motoneurons 
thus enhances the stretch reflex and is an Important feature 
in the voluntary control of skeletal movements. 

Under normal conditions, the activity of gamma mo- 
toneurons ty maintained at the level needed to keep the 
spindles under proper tension while the muscles are re- 
laxed. Undue relaxation of the muscles ts prevented by 
stretch and activation of the spindles, which in cum elicits 
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a reflex contraction. This mechanism produces a normal iganiant 


resting muscle length and state of tension, or muscle tone. 

Higher motor neurons—neurons in the brain that con- 
tribute fibers to descending motor tracts—usually stimulate 
both alpha and gamma motoneurons simultaneously. Such 
stimulation is known as coactivation. Stimulation of alpha 
motoneurons results in muscle contraction and shortening; 
stimulation of gamma motoneurons stimulates contraction 
of the intrafusal fibers and thus “takes out the slack” that 


A eae he Se i spi sas iscles : . 
would otherwise be present in the spindles as the muscle iiiaclowpindiesend themonosynaple stsichenes This 
shorten. In this way, the spindles remain under tension and can result in painful muscle spasms, as may occur, for 
provide information about the length of the muscle even example, when muscles are forcefully pulled in the 


process of setting broken bones. Painful muscle spasms 
may be avoided in physical exercise by stretching slowly 


: and thereby stimulating mainly the secondary endings in 
i p yus receptors ‘ 
Neurotendinous Receptors The neurotendinous recep the muscle spindles. A slower rate of stretch also allows 


while the muscle is shortening. 


(Golgi tendon organs) are located where muscles attach to time for the inhibitory neurotendinous receptor reflex to 
tendons. They continuously monitor tension In the rendons, occur and promote muscle relaxation. 


produced by muscle contraction or passive stretching of a 


muscle. Sensory neurons from these recentars yma" SH Neural Pathways for Somatic Sensations 


association neurons in the spinal cord; these association neu- 


rons, in turn, have inhibitory synapses (via IPSPs and post- The conduction pathways for the somatic senses are 
synaptic inhibition—chapter 14) with motor neurons that shown in figure 18.8. Sensations involving propriocep- 
innervate the muscle (fig. 18.7). This helps to prevent ex- tion and pressure are carried by large, myelinated nerve 
cessive muscle contractions or excessive passive muscle fibers that ascend in the posterior columns of the spinal 
stretching. Indeed, if a muscle is stretched extensively, it cord on the same (ipsilateral) side. These fibers do not 
will actually relax as a result of the inhibitory effects of the synapse until they reach the medulla oblongata of the 
neurotendinous receptors. brain stem; hence, fibers that carry these sensations from 


the feet are incredibly long. After synapsing in the 
Rapid stretching of skeletal muscles produces very 
forceful muscle contractions as a result of the 
activation of primary and secondary endings in the 


medulla oblongata with other, second-order sensory neu- 
rons, information in the latter neurons crosses over to 
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the contralateral side as it as- 
cends to the thalamus via a 
fiber tract, called the medial . *e 
lemniscus. Third-order sen- 
sory neurons in the thalamus 
that receive this input in 
turn project to the postcen- 
tral gyrus (the sensory cortex, 
as described in chapter 15). 

Sensations of hot, cold, 
and pain are carried by thin, 
unmyelinated sensory neu- 
rons into the spinal cord. 
These synapse with second- 
order association neurons 
within the spinal cord, which 
cross over to the contralat- 
eral side and ascend to the 
brain in the lateral spinothala- 
mic tract. Fibers that mediate 
touch and pressure ascend in 
the anterior spinothalamic 
tract. Fibers of both spinothalamic tracts synapse with third- 
order neurons in the thalamus, which in turn project to the 
postcentral gyrus. Note that, in all cases, somatic information 
is carried to the postcentral gyrus in third-order neurons. 
Also, because of crossing over, somatic information from 
each side of the body is projected to the postcentral gyrus 
of the contralateral cerebral hemisphere. 

All somatic information from the same area of the body 
projects to the same area of the postcentral gyrus, so that a 
“map” of the body can be drawn on the postcentral gyrus to 
represent sensory projection points (see chapter 15, fig. 
15.7). This map is very distorted, however, because it shows 
larger areas of the cerebral cortex devoted to sensation in 
the face and hands than in other areas of the body. This dis- 
proportionately larger area of the cerebral cortex devoted 
to the face and hands reflects the fact that there is a higher 
density of sensory receptors in these regions. 


Spinal cord 


FIGURE 18.7 


The receptors for taste and olfaction respond to molecules that are 
dissolved in fluad; hence, they are classified as chemoreceptors 
Although there are only four baste modalines of taste, they combme in 
carious ways und are influenced by sensations of olfaction, thus 


allowmg for a wide variety of sensory experiences. 
Some chemoreceptors respond to chemical changes in the in- 


ternal environment as interoceptors; others respond to 
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An increase in muscle tension stimulates the activity of sensory nerve endings in the neurotendinous 
receptor. This sensory input stimulates @ an association neuron, which in turn inhibits© the 
activity of a motor neuron innervating that muscle. This is therefore a disynaptic reflex. 


chemical changes in the external environment as exteroceptors. 
Included in the latter category are taste receptors, which respond 
to chemicals dissolved in food or drink, and olfactory receptors, 
which respond to gaseous molecules in the air. This distinction 
is somewhat arbitrary, however, because odorant molecules in 
air must first dissolve in fluid within the olfactory mucosa before 
the sense of smell can be stimulated. Also, the sense of olfaction 
strongly influences the sense of taste, as can easily be verified by 
eating an onion with the nostrils pinched together. 


laste 


Taste receptors are specialized epithelial cells that are grouped 
together into barrel-shaped arrangements called taste buds. 
Taste buds are most numerous on the surface of the tongue but 
are also present on the soft palate and on the walls of the 
oropharynx. The cylindrical taste bud is composed of many 
sensory gustatory cells that are encapsulated by supporting 
cells (fig. 18.9). Projecting from the tip of each gustatory cell 
is a long microvillus called a gustatory hair that passes to the 
surface through an opening in the taste bud called the taste 
pore. The gustatory hairs compose the sensitive portion of the 
receptor cells. Saliva provides a moistened environment nec- 
essary for a chemical stimulus to activate the gustatory cells. 
Taste buds are elevated by surrounding connective Us- 
sue and epithelium to form papillae (pa-pil’e) (fig. 18.9). 
Three types of papillae can be identified: vallate, fungiform, 
and filiform (see chapter 26). Taste buds are found only in 
the vallate and fungiform papillae. Filitorm papillae contain 
gustatory cells, which are not clustered into taste buds. 


papilla. L. papilla, nipple 


FIGURE 18.8 


proprioreceptors into the postcentral gyrus in the 
cerebral cortex. 
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Molecules dissolved in saliva at the surface of the 
tongue interact with receptor molecules in the microvilli of 
the taste buds. This interaction stimulates the release of a 
neurotransmitter from the receptor cells, which in turn stim- 
ulates sensory nerve endings that innervate the taste buds. 
Taste buds in the posterior third of the tongue are innver- 
vated by the glossopharyngeal (ninth cranial) nerve; those in 
the anterior two-thirds of the tongue are innervated by the 
chorda tympani branch of the facial (seventh cranial) nerve. 


Touch and pressure 
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The four basic modalities of taste are sensed most 
acutely in particular regions of the tongue. These are sweet 
(tip of the tongue), sour (sides of the tongue), bitter (back 
of the tongue), and salty (over most of the tongue). This dis- 
tribution is illustrated in figure 18.10. 

The salty taste of food is caused by the presence of Na* 
ions. These pass into the sensitive receptor cells through 
channels in the apical membranes. This depolarizes the cells, 
causing them to release their transmitter. The anion associated 
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FIGURE 18.9 

Papillae of the tongue 

and associated taste buds. 
(a) Numerous taste buds 
are positioned within each 
papilla. (b) Each gustatory 
cell and its associated 
gustatory hanr is 


Papillae 


encapsuled by supporting 
cells. (c)A 
photomicrograph of some 
tasle buds. 
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FIGURE 18.10 


Patterns of taste receptor distnbution on the surface of the tongue. 
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with the Na*, however, modifies the perceived saltiness to a 
surprising degree: NaCl tastes much more salty than most other 
sodium salts (such as sodium acetate) that have been tested. 
Recent evidence suggests that the anions can pass through the 
tight junctions between the receptor cells and that the Cl- 
anion passes through this barrier more readily than the other 
anions. This is presumably related to the ability of Cl to im- 
part a saltier taste to the Na* than do the other anions. 

Sour taste, like salty taste, is caused by the movement 
of ions through membrane channels. Sour taste, however, 
is caused by the presence of hydrogen ions (H7*); all acids 
therefore taste sour. In contrast to the production of salty 
and sour tastes, the production of sweet and bitter tastes 
involves interaction of taste molecules with specific 
membrane receptor proteins. Most organic molecules, par- 
ticularly sugars, taste sweet to varying degrees. Bitter taste ts 
evoked by quinine and seemingly unrelated molecules. In 
each case, the stimulated receptor cell activates an associated 
sensory neuron that transmits impulses to the brain, where 
they are interpreted as the corresponding taste perception. 


Ofaction 


The olfactory receptors are the dendritic endings of the ol- 
factory (first cranial) nerve, in association with epithelial sup. 
porting cells in the nasal epithelium within the roof of the 
nasal cavity (fig. 8.11). Unlike other sensory modalities, 
which are relayed to the cerebrum from the thalamus, the 
sense of olfaction is transmitted directly to the olfactory 
bulb and then to the cerebral cortex. This area of the brain 
is part of the limbic system, which was described in chapter 


FIGURE 18.11 
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15 as having an important role in emotion and memory. Per- 
haps this explains why the smell of a particular odor, more 
powerfully than other sensations, can evoke emotionally 
charged memories. 


al 


J] 


Certain chemicals activate the trigeminal (fifth) as 
well as the olfactory (first) cranial nerves and cause 
particular reactions. Pepper, for example. may cause 
sneezing; onions cause the eyes to water; and 
smelling salts (ammonium salts) initiate respiratory reflexes 
and are used to revive people who are unconscious. 


In contrast to the four modalities of taste, many thou- 
sands of distinct odors can be distinguished by people who are 
trained in this capacity (as in the perfume and wine indus- 
tries). The molecular basis of olfaction is not understood, al- 
though various theories have been proposed in an attempt to 
group families of odors on the basis of similarities in molecular 
shape and/or charges. Such attempts have been only partially 
successful. The extreme sensitivity of olfaction is possibly as 
amazing as ity diversity—at maximum sensitivity, only one 
odorant molecule is needed to excite an olfactory receptor. 

A family of genes that codes for the olfactory recepter 
proteins has been discovered. This is a large family of genes, 
perhaps as many asa thousand. The large number may retlect 
the importance of the sense of smell to mammals in general. 
Even a thousand different genes coding for a thousand dit- 
fernt receptor Proteins, however, Cannot account tor the fact 
thar humans can distinguish up to 10,000 different odors. 
Clearly, the brain must integrate the signals from several 
different receptors and then interpret the pattern as a char- 
acteristic “fingerprint” tora particular odor, 
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The sensory structures of the vestibular apparatus and 
cochlea are located within a tubular structure called the 
membranous labyrinth (lab“7rinth), which ts tilled with a 
fluid that is similar in Composition Co intracellular fluid. This 
fluid is called endolymph. The bone surrounding the mem- 


The sense of equilibrium is provided by structures m the inner car, 


collectively known as the vesubular apparatus. Movements of the head branous labyrinth forms a bony labyrinth in the inner ear 
cause fluid within these structures to bend extensions of sensory hair and contains a fluid called perilymph, which 1s similar 
cells, resultmg m the production of action potentials. in Composition to cerebrospinal fluid. The mem- 


branous labyrinth (fig. 18.13), in other words, 
is filled with endolymph and ts sur- 
rounded by perilymph and bone. 


The sense of equilibrium, which provides ori- 
entation with respect to gravity, is largely 


due to the funetion of an organ called the 
vestibular apparatus. The vestibular ap- 
paratus and a snail-like structure called 
the cochlea, which is involved in hear- 
ing, form the inner car within the 
temporal bone of the skull. The 
vestibular apparatus consists of 
two parts: (1) the otolith organs, 
which include the urtricle and 
saccule, and (2) the semicircu- 
lar canals (fig. 18.12). 


Anterior canal 


FIGURE 18.12 

Structures within the inner ear 
include the cochlea and vestibular 
apparatus. The vestibular apparatus 
consists of the utricle and saccule Ampulla 
(together called the otolith organs) and the Saccule 
three semicircular canals. The base of each semicircular 

canal 1s expanded into an ampulla (labeled tor only one 

canal) that contains sensory hair cells. 
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FIGURE 18.14 


Sensory hair cells within the vestibular apparatus. 

(a) A scanning electron photomicrograph of a kinocilium. 
(b) Each sensory hair cell contains a single kinocilium and 
‘several stereocilia. (c) When stereocilia are displaced 


om => 


Sensory Hair bells of the Vestibular Aggaratus 


The utricle (yoo ‘trt-k‘l) and saccule (sak ‘yool) provide in- 
formation about linear acceleratton—changes in velocity 
when traveling horizontally or vertically. We therefore have 
a sense of acceleration and deceleration when riding ina 
car or when skipping rope. A sense of rotational, or angular, 
acceleration 1s provided by the semicircular canals, w hich 
are onented in three planes like the faces of a cube. This 
sense helps us maintain balance when turning the head, 
spinning, or tumbling. 

The receptors for equilibrium are modified epithelial 
cells that contain 20 to 50 hairlike extensions. All but one 
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(d) Inhibited 


toward the kinocilium (see arrow), the cell membrane is 
depressed and the sensory neuron innervating the hair cell 
is sumulated. (d) When the hairs are bent in the opposite 
direction, the sensory neuron 1s inhibited. 
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of these extensions contain filaments of protein and are 
known as stereocilia. There is one larger extension with the 
structure of a true cilium (chapter 3) that is known as a 
kinocilium (fig. 18.14). When the stereocilia are bent in 
the direction of the kinocilium, the hair cell membrane is 
depressed and becomes depolarized. This causes the hair cell 
to release a synaptic transmitter Chemical which stimulates 
the dendrites of sensory neurons that are part of the vestibu- 
locochlear (eighth cranial) nerve. When the stereocilia are 
bent in the opposite direction, the membrane ot the harr cell 
becomes hyperpolarized (fig. 18.14) and, as a result, releases 
less synaptic transmitter chemical. In this way, the frequency 
of action potentials in the sensory neurons that innervate 
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(a) Head upright 


FIGURE 18.15 ‘ 
The otolith organ. (a) When the head is in an upnght position, 
the weight of the otoliths applies direct pressure to the sensitive 


cytoplasmic extensions of the hair cells. (b) As the head is tilted 
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the hair cells carries information about movements that 
cause the hair cell processes to bend. 


Utricle and Saccule 


The hair cells of the utricle and saccule protrude into the en- 
dolymph-filled membranous labyrinth, with their hairs em- 
bedded within a gelatinous otolith membrane. The otolith 
membrane contains microscopic crystals of calcium carbonate 
called otoliths that increase the mass of the membrane and re- 
sult in a higher mertia (resistance to change in movement). 
Because of the orrentation of their hair cell processes 
into the otolith membrane, the utricle 1s more sensitive to 
horizontal acceleration and the saccule is more sensitive to 
vertical acceleration. During forward acceleration, the otolith 
membrane lags behind the hair cells, so the stereocilia of the 
utricle are pushed backward (fig. 18.15). This ts similar to the 
backward thrust of the body when a car quickly accelerates 
forward. The mertia of the otolith membrane similarly causes 
the stereocilia of the saccule to be pushed upward when a per- 
son descends rapidly in-an elevator. These effects, and the 


opposite ones that occur when a person accelerates backward 
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(b) Head bent forward. 


forward, the extensions of the hair cells bend. in response to 
Grayitetionet force and cause the: geneey. nerve eaiber to be 


ee a 3 


or upward, produce a changed pattern of action potentials in 
sensory nerve fibers that allows us to maintain our equilib- 
rium with respect to gravity during linear acceleration. 


semicircular Canals 


The three semicircular canals are oriented at right angles to 
each other. At the base of each canal is a bulge called the 
ampulla. The sensory hair cells are located in an elevated 
area of the ampulla called the crista ampullaris. The 
processes of these sensory cells are embedded within a gelati- 
nous membrane, the cupula (fig. 18.16), which projects into 
the endolymph of the membranous canals. Like a sail in the 
wind, the cupula can be pushed in one direction or the other 
by movements of the endolymph. 

The endolymph of the semicircular canals serves a 
function analogous to that of the otolith membrane—it 
provides inertia so that the sens wy processes will be bent in 
a direction opposite to that of the angular acceleration. As 
the head rotates to the right, for example, the endolymph 
causes the cupula to be bent toward the left, thereby sum 
ulating the hair cells, 
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_ FIGURE 18.16 
‘ (a) The cupula: ‘and hair cells within the semicircular canals. (b) Movement of the ence wae 


Seer rotation causes the cupula t to seas) ths pilsanieting the hair cells. 
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Neural Pathways Stimulation of hair cells in the vestibu- Z 
lar apparatus activates sensory neurons of the vestibuli scochlear = 
(eighth cranial) nerve. These fibers transmit impulses to the 
cerebellum and to the vestibular nuclei of the medulla ob- 
longata. The vestibular nuclei, in turn, se nd fibers to the 
oculomotor center of the brain stem and to the spinal cord 2 S Volver racial 
(fig. 18.17). Neurons in the oculomotor center control eye sabstec tt (brain stem) 
movements, and neurons in the spinal cord stumulate move- 


Joint, tendon, 
muscle, and 
cutaneous receptors 


Vestibular 
apparatus 


ments of the head, neck, and limbs. Movements of the eyes - : 
and body produced by these pathways serve to maintain bal- f Spinal cord 
ance and “track” the visual field during rotation. feos — =] Teontrolos bad . 
control of eye 
movements) movements) 
Nystagmus and Vertigo When a person first begins to spin, 
the ine the semicircular canals 
he inertia of endolymph within the semicire FIGURE 18.17 
causes the cupul. vo bend in the opposite direction. As the Neural processing involved in the maintenance of equilibrium 


spin continues, however, the imertia of the endolymph ts Gndibalance 
overcome and the cupula strarghtens. At this time, the en- 
dolymph and the cupula are moving in the same direction 
and at the same speed. If movement ts suddenly stopped, the 
greater inertia of the endolymph causes it to continue mov 
ing in the previous direction of spin and to bend the cupula 


Bending of the cupula after movement has stopped af- 
fects muscular control of the eyes and body through the 
neural pathways previously discussed. The eyes slowly drift 
in the direction of the previous spin and then are rapidly 


in that direction. jerked back to the midline position, producing involuntary 
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oscillations. These movements are called vestibular nystag- 
mus, (nis-tag mus), and people experiencing this effect may 
feel that they, or the room, are spinning. The loss of equi- 
librium that results is called vertigo. If the vertigo is suffi- 
ciently severe, or the person particularly susceptible, the 
autonomic system may become involved. This can produce 
dizziness, pallor, sweating, and nausea. 


= Vestibular nystagmus 1s one of the symptoms of an 
inner-ear disease called Méniére’s disease. The early 
symptom of this disease is often “ringing in the ears,” 
or tinnitus. Since the endolymph of the cochlea and 
the endolymph of the vestibular apparatus are continuous 
through a tiny canal (see fig. 18.12), vestibular symptoms of 
vertigo and nystagmus often accompany hearing problems in 
this disease. 


Sound causes vibrations of the tympanic membrane. These vibrations, 
muon, produce movements of the auditory ossicles, which press against 
the oval window. Movements of the oval wmdow produce pressure 
waves within the flad of the cochlea, which m en cause movements of 
the basilar membrane. Sensory hair cells ave located on the basilar 
membrane, and the movements of this membrane m response to sound 
result im the bending of the hair cell processes. This stemulates action 
potentials im sensory fibers that are transmitted tv the bram and 
interpreted as sound. 


Sound waves travel in all directions from their source, like 
ripples in a pond into which a stone has heen dropped. These 
waves are characterized by their frequency and their inten- 
sity. The frequency, or distances between crests of the sound 
waves, is measured in hertz (Hz), which is the modern des- 
ignation for cycles per second (cps). The pitch of a sound is 
directly related to its frequency—the greater the frequency 
of a sound, the higher its pitch. 

The intensity, or loudness of a sound, is directly related 
to the amplitude of the sound waves and 1s measured in units 
known as decthels (dB). A sound that ts barely audible—at 
the threshold of hearing—has an intensity of zero decibels. 
Every 10 decibels indicates a tenfold increase in sound in- 
tensity; a sound ts 10 times louder than threshold at 10 dB, 
100 times louder at 20 dB, a million times louder at 60 dB, 
and 10 billion times louder at 100 dB. 

The ear of a trained, young individual can hear sound 
over a frequency range of 20,Q000-30,000 Hz, yet can dis- 
tinguish hetween two pitches that have only a 0.3" differ- 
ence in frequency. The human ear can detect differences in 
sound intensities of only O.1 to 0.5 dB, while the range of 
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Méniére’s disease from Prosper Meniére. French physician, 1799-1862 
tinnitus Lo hanitus, ring of tingle 


audible intensities covers 12 orders of magnitude (10!¢), 
from the barely audible to the limits of painful loudness. 


Duter Far 


Sound waves are funneled by the auricle (or ‘t-kul), or pinna 
(fig. 18.18), into the external auditory canal, which ts the 
fleshy tube within the bony external acoustic meatus (fig. 
18.19). The auricle and external auditory canal constitute 
the outer ear. The external auditory canal channels the sound 
waves (while increasing their intensity) to the tympanic 
(tim-pan ‘ik) membrane, or eardrum. Sound waves in the ex- 
ternal auditory canal produce extremely small vibrations of 
the tympanic membrane; movements of the tympanic mem- 
brane during speech (with an average sound intensity of 60 
UB) are estimated to be about equal to the diameter of a mol- 
ecule of hydrogen! 

The external auditory canal is a slightly S-shaped 
canal about 2.5 cm (1 in.) in length, extending slightly up- 
ward from the auricle to the tympanic membrane (fig. 
18.18). The skin thar lines the canal contains fine hairs and 
sebaceous glands near the entrance. Specialized wax- 
secreting glands, called ceruminous (sé-roo ‘mi-nus) glands, 
are located in the skin, deep within the canal. Cerumen 
(earwax) secreted from ceruminous glands keeps the tym- 
panic membrane soft and waterproof. Cerumen and the hairs 
also help to prevent small foreign objects from reaching the 
tympanic membrane. The bitter cerumen is probably an in- 
sect repellent as well. 

The tympanic membrane is a thin partition between 
the external auditory canal and the middle ear. It is ap- 
proximately | cm in diameter and is composed of an outer 
concave layer of stratified squamous epithelium and an inner 
convex layer of low columnar epithelium. The tympanic 
membrane is extremely sensitive to pain and is innervated by 
the auriculotemporal nerve (a branch of the mandibular 
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FIGURE 18.18 


The surface anatomy of the auricle of the ear. 
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The ear. (Note the outer, middle, 
and inner regions.) 


nerve of the trigeminal nerve) and the auricular nerve (a 
branch of the vagus nerve). 


- Inspecting the tympanic membrane with an otoscope 
during a physical examination yields significant 
information about the condition of the middle ear. The 
color, curvature, presence of lesions, and position of 

the malleus of the middle ear are features of particular 
importance. If ruptured, the tympanic membrane can 
generally regenerate and readily heal itsell. 


Middle Far 


The middle ear is the cavity between the tympanic mem- 
brane on the outer side and the cochlea on the inner side 
(fig. 18.20). Iris located within the petrous part of the tem- 
poral bone and contains three auditory ossicles—the malleus 
(hammer), incus (anvil), and stapes (stirrup). The malleus 
is attached to the tympanic membrane, so that vibrations 
of this membrane are transmitted, via the malleus and incus, 
tothe stapes. The stapes, in turn, ty attached to a membrane 
in the cochlea called the oval (vestibular) window, which 
thus vibrates in response to vibrations of the tympanic mem- 
brane. When the stapes presses the oval window into the 
called the round 


cochlea, another flexible membrane 
(cochlear) window (fig. [8.20)—bulges outward to relieve 
the Pressure. 


r The auditory (eustachian) tube 1s ag passageway 
leading from the middle ear to the nasopharynx (a 
cavity located postenor to the palate of the oral cavity) 
The auditory tube is usually collapsed, so that debns 

Ond infectious agents are prevented from traveling from the 
oral cavity to the middle ear In order to open the auditory tube, 
the tensor tympani muscle. attaching to the auditory tube and 
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the malleus (fig. 18 20), must contract. This occurs during 
swallowing, yawning, and sneezing People sense a “popping” 
sensation in their ears as they swallow when driving upa 
mountain because the opening of the auditory canal permits 
air to move from the region of higher pressure in the middle 
ear to the lower pressure in the nasopharynx. 


The fact that vibrations of the tympanic membrane are 
transferred through three bones instead of just one affords 
protection. If a sound ts too intense, the auditory ossicles 
may buckle. This protection is enhanced by the action of the 
stapedius (sta-pe ‘de-us) muscle, which attaches to the neck of 
the stapes (fig. 18.20). When sound becomes too loud, the 
stapedius muscle contracts and dampens the movements of 
the stapes against the oval window. This action helps to pre- 
vent nerve damage within the cochlea. If sounds reach high 
amplitudes extremely rapidly, however—as in gunshots—the 
stapedius muscle may not respond fast enough to prevent 
nerve damage. 


bochlea 


Vibrations of the stapes and oval window displace endolymph 
within a part of the membranous labyrinth of the inner ear 
known as the cochlear duct, or scala media. The latter des- 
ignation indheates that the cochlear duct 1s the middle part of 
the snail-shaped cochlea of the inner ear. Like the cochlea as 
a whole, the cochlear duct coils to form three levels (fig. 
18.21), similar to the basal, middle, and apical portions of a 
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(a) The auditory ossicles and associated structures within the 
tympanic cavity. (b) The stapedius muscle arises from a bony 


protrusion called the pyramid. 


snail shell. The part of the cochlea 
above the cochlear duct is called the 
scala vestibuli, and the part below is 
called the scala tympani (fig. 18.21). 
Unlike the central cochlear duct, 
which contains endolymph, the scala 
vestibuli and scala tympani are filled 
with perilymph. 

The perilymph of the scala 
vestibuli and scala tympani is con- 
tinuous at the apex of the cochlea 
because the cochlear duct ends 
blindly, leaving a small space called 
the helicotrema (hel “L-ko-0e ma) he- 
tween the end of the cochlear duct 
and the wall of the cochlea. Vibra- 
tions of the oval window produced 
by movements of the stapes cause 
pressure waves within the scala 
vestibuli, which pass to the scala 
tympant. Movements of perilymph 
within the scala tympani, in turn, 
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FIGURE 18.21 
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A cross section of the cochlea showing its three turns and its three compartments—the scala 


restibult, cochlear duct (scala media), and scala tympam 
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FIGURE 18.22 

Sounds of low frequency cause pressure waves of perilymph to 
pass through the helicotrema. Sounds of higher frequency cause 
pressure waves to “shortcut” through the cochlear duct This causes 


travel to the base of the cochlea where they cause displace- 
ment of the round window into the middle-ear cavity (see 
fiz. 18.20). This occurs because fluid, such as perilymph, 
cannot be compressed; an inward movement of the oval win- 
dow is thus offset by an outward movement of the round 
window. 

When the sound frequency (pitch) ts sufficiently low, 
there is adequate ume for the pressure waves of perilymph 
within the upper scala vestibuli to travel through the hel- 
icotrema to the scala tympani. As the sound frequency in- 
creases, however, pressure waves of perilymph within the 
scala vestibult do not have time to travel all the way to 
the apex of the cochlea. Instead, they are transmitted 
through the vestibular membrane, which separates the 
scala vestubuli from the cochlear duct, and through the 


basilar membrane, which separates the cochlear duct from 


Scala Tectorial 
vestibuli 


membrane 


Scala Vestibular Cochlear 


tympani membrane duct Helicotrema 
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“us” 


displacement of the basilar membrane, which is central to the 
transduction of sound waves into nerve impulses. (The frequency of 
sound waves is measured in cycles per second, or hertz [Hz].) 


the scala tympani, to the perilymph of the scala tympani 
(fig. 18.21). The distance that these pressure waves travel, 
therefore, decreases as the sound frequency increases. 


Spiral Organ (Organ of Corti} 


Movements of perilymph from the scala vestibuli to the scala 
tympani thus produce displacement of the vestibular mem- 
brane and the basilar membrane. Although the movement of 
the vestibular membrane does not directly contribute to 
hearing, displacement of the basilar membrane is central to 
pitch discramination. The basilar membrane is fixed on the 
inner side of the cochlear wall to a bony midge and is sup- 
ported at its free end by a ligament. 


organ of Corts from Alfonso Corti, Italian anatomist, 1822-88 
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FIGURE 18.23 


The spiral organ (a) within the cochlear duct and (b) shown in greater detail. 


Vibrations of the stapes against the oval window set 
up moving waves of perilymph in the scala vestibuli, which 
cause displacement of the basilar membrane into the scala 
tympani. This produces vibrations of the basilar membrane, 
each region of which vibrates with maximum amplitude to 
a different sound frequency. Sounds of higher frequency 
(pitch) cause maximum vibrations of the basilar membrane 
closer to the stapes, as illustrated in figure 18.22. 

The sensory hair cells are located on the basilar mem- 
brane, with their “hairs” (actually stereocila) projecting into 
the endolymph of the cochlear duct. These hair cells are 
arranged in a single row of inner cells, which extends the 
length of the basilar membrane, and multiple rows of outer 
hair cells. The stereocilia of the outer hair cells are embed- 


membrane 


Nerve fibers 


ded within a velatinous tector. 
ial membrane that overhangs 
the hair within the 
cochlear duct (fig. 18.23). The 
association of the basilar mem- 


cells 


brane hair cells and their sensory 
fibers with the tectorial mem- 
brane forms a functional unit 
called the spiral organ, or organ 
of Corti (fig. 18.23). When the 


cochlear duct is displaced by 


Vestibular 
membrane 


Cochlear 
duct : 
pressure waves of perilymph, a 
Spiral organ Shearing force Is created between 


(of Corti) the basilar membrane and the 


tectortal membrane. This causes 
Basilar 
membrane 


the stereocilia to bend, which in 
turn produces a generator po- 
tential in the sensory nerve end- 
ings that synapse with the hair 
cells. 

The greater the displace- 
ment of the basilar membrane 
and the bending of the stere- 
ocilia, the greater the generator 
potential produced, and the 
greater the frequency of action 
potentials in the fibers of the 
cochlear portion of the erghth 
cranial nerve that synapse with 
the hair cells. Experiments sug- 
gest that the stereocilia need 
only bend 0.3 nanometers to be 
detected at the threshold of 
hearing! A greater bending will 
result in a higher frequency of 
action potentials, which will be 
perceived as a louder sound. 

Traveling waves in the 
basilar membrane reach a peak in different regions, depend- 
ing on the pitch of the sound. High-pitch sounds produce a 
peak displacement closer to the base, while those of lower 
pitch cause peak displacement further toward the apex (see 
fig. 18.22). Those neurons that originate in hair cells located 
where the displacement ts greatest will be stimulated more 
than neurons that originate in other regions. This mecha- 
nism provides a neural code for pitch discrimination. 


Basilar 
membrane 


Neural Pathways for Hearing Sensory Neurons in the 
cochlear nerve synapse with neurons in the medulla oblon- 
gata (fig. 18.24) that project to the inferior colliculus of the 
midbrain. Neurons in this area in turn project to the thala- 
mus, Which sends axons to the auditory cerebral cortex of 
the temporal lobe. By means of this pathway, neurons In 
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FIGURE 18.24 
Neural pathways from the spiral ganglia of the cochlea to the 
auditory cerebral cortex. 


different regions of the basilar membrane stimulate 
Neurons in corresponding areas of the auditory cere- 
bral cortex. Each area of the auditory cerebral cor- 
tex represents a different part of the basilar 
membrane and a different pitch. 


Vj F 
Light from an observed object ts focused by the cornea and 
lens onto the photoreceptive retma at the back of the eye The 
focus ts mamtamed on the retina at different distances 


beaween the eves and the object by variations im the thickness 


and degree of curvanae of the lens 


The eyes transduce energy in the electromagnetic 
spectrum (fig. 18.25) into nerve impulses. Only 
a limited part of this spectrum can excite the 
photoreceptors— electromagnetic energy with wave- 
400 700 
(lnm = 10’ m, or one-billionth of a meter) consti- 
tute visible light. Light of longer wavelengths, which 


lengths berween and nanometers 


are in the infrared regions of the spectrum, do not 


Sensory Organs 


have sufficient energy to excite the receptors but 
are felt as heat. Ultraviolet light, which has shorter 
wavelengths and more energy than visible light, 1s 
filrered out by the yellow color of the eye’s lens. 
Honeybees—and people who have had their lenses 
removed—can see light in the ultraviolet range. 
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The electromagnetic spectrum (top) is shown in Angstrom units (1A = 10 '’ meter) 
be omprises only a small range of this spectrum and ts 
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The ear begins to 
develop at the same time 


as the eye, early during the fourth week. 
- All three embryonic germ layers— 
ectoderm, mesoderm, and endoderm— 


are involved in the formation of the ear: 


© Both types of ectoderm (neuroectoderm 


= 
bir 


& 
Ook 


aa eee 


‘ 
¥ 


and surface ectoderm) play a role. 


z ~The ear of an adult is structurally and 
functionally divided into an outer ear, a 
middle ear, and an inner ear. Although 
each ‘of these regions has a separate 


~ embryonic origin, by the end of the 
_ eighth week each of the ear’s component 
_ Parts is in place and formation of the ear 


“ vis complete. The first indication of ear 


‘formation is the appearance of a plate of 
' surface ectoderm called the otic (0 tik) 
’ placode lateral to the developing 


embryonic hindbrain. The otic placode 


~ 500n invaginates and forms an otic 


- fovea. Toward the end of the fourth 


~ week, the outer edges of the invaginated 
~ otic fovea come together and fuse to 


% 


form an otocyst (fig. 1), The otocyst soon 
pinches off and separates from the 


we eemeeweusessstesasesesseeereses 


otic: Gk, ofikos, ear” » hie sid AS are oe, 


evelopment of the Ear 


~ that the nerve tracts will be in place 

- when the rest of the ear has completed ©: 
“its development. 5 ye . 

The auditory ossicles (bones) have an 


surface ectoderm. The otocyst further 
differentiates to form a posterior 
utricular portion and an anterior 
saccular portion. Structures of the inner 


ear form from these two portions of the 


otocyst. Three separate diverticula 
extend outward fram the utricular 
portion and develop into the 


semicircular canals (not illustrated), 


which later function in balance and 
equilibrium, A tubular diverticulum, » 
called the cochlear duct (not illustrated), . 
extends in a coiled fashion from the 


_ saccular portion and forms the 


membranous portion of the cochlea i. 
(kok Je), the organ of hearing. The’ J 


sensory nerves that innervate the inner. = 


ear derive from neuroectoderm of the. 
developing brain and grow toward the.‘ 
developing structures of the inner ear'so 


ry 


interesting developmental origin from - >: 
the first and second pharyngeal arches. 


Specialized cells known as wih ba ot hae Ut 
“mesenchymal condensations migrate» 
from their sites of origin to a location - 


MEDALS , 


pee ’ RL es ey PE 


just below the developing otocyst. 
Going first through a cartilaginous stave, 
they soon ossify to bone and are 
positioned and structured to amplify 


‘sound waves that will pass through the 


middle ear. The middle-ear chamber is 


- referred to as the tympanic cavity and 


derives from the first pharyngeal pouch, 
As the tympanic cavity enlarges, it 


‘surrounds and encloses the developing 
‘auditory ossicles. The connection of the 


tympanic cavity to the pharynx 


- gradually elongates to develop into the 


auditory (eustachian) tube, which 

remains patent throughout life and is 
important in maintaining an equilibrium 
of air pressure between the pharyngeal 


-and tympanic cavities: The external 


auditory canal forms from the surface 
ectoderm that covers the posterior end 


of the first branchial groove, This canal 


permits sound waves to pass from the - 
outer ear to Contact the tympanic ° 
membrane. The tympanic membrane 


.-actually derives from the tissues that. 


contributed to the formation of the 


“tympanic cavity and from tissues that 
_ contributed to the formation of the |” 


= 


external auditory canal. = 


Structures Associated with the [ye 


Accessory structures of the eye either protect the eyeball or 
provide eye movement. Protective structures include the 
bony orbit, eyebrows, facial muscles, eyelids, eyelashes, con- 
junctiva, and the lacrimal apparatus that produces tears. 
Eyeball movements are enabled by the actions of the ex- 
trinsic eye muscles that arise from the orbit and insert on 
the outer layer of the eyeball. 


Orbit Each eyeball is positioned in a bony depression in 
the skull called the orbit (see fig. 9.1 and table 9.2). Seven 
bones of the skull (frontal, lacrimal, ethmoid, zygomatic, 
maxilla, sphenoid, and palatine) form the walls of the orbit 
that support and protect the eye. 


Eyebrows 9 Eyebrows consist of short, thick hair positioned 
transversely above both eyes along the superior orbital ridges 
of the skull. In this position, they effectively shade the eyes 


from the sun and prevent perspiration or falling particles 
from getting into the eyes. 


Eyelids and Eyelashes Eyelids (palpebrae) develop as 
reinforced folds of skin with attached skeletal muscle so 
that they are movable. In addition to the orbicularis oculi 
muscle attached to the skin that surrounds the front of the 
eye, the levator palpebrae (I2-va ‘tor pal ‘po-bre) superioris mus- 
cle attached along the upper eyelid, making this eyelid 


palpebra: L. palpebra, eyelid (related to palpare, to pat gently) 
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FIGURE 1 
Development of the outer- and middle-ear regions and the the fifth week, mesenchymal condensations are apparent, 
eases auditory ossicles. (a) A lateral view of a 4-week-old embryo which will derive the auditory ossicles. (d) Further invagination | 


and evagination at 6 weeks correctly positions the structures of ; 

the outer- and middle-ear regions. (e) By the end of the eighth 
“week, the auditory ossicles, tympanic membrane; sudiay tube, 
and external pest comet have formed. 5% Ly 


_ showing the position of the cut depicted in the sequential ~ 

, Le development (b-e). (b) The embryo at 4 weeks illustrating the ~ 

be Anvagination of the surface ectoderm and the evagination of the ~ 
2 


-endoderm a the level of ibe first eben vnged! ase {c) Duta 


of the eye are the medial and lateral angles where the eyelids 
come together. The medial commissure is broader than the 
lateral commissure and is characterized by a small, reddish, 
fleshy elevation called the lacrimal caruncle (kar ‘ung-kul) 
(fig. 18.27), which contains sebaceous and sudoriferous glands. 
The shape of the palpebral fissure is elliptical when the eyes 


much more mobile than the lower eyelid. Contraction of 
the orbicularis oculi muscle closes the eyelids over the eye, 
and contraction of the levator palpebrae superioris muscle 
elevates the upper eyelid to expose the eye. The eyelids 
protect the eyeball from desiccation by reflexively blinking 
about every 7 seconds and moving fluid across the ante- 


rior surface of the eyeball. To avoid a blurred image, the 
eyelid will normally blink when the eyeball moves to a new 
Position of fixation. 

The palpebral fissure (fig. 18.26) is the interval be- 
tween the upper and lower eyelids. The commissures (canthi) 


commissure: L. commissufa, a joining 


are open. 

Each eyelid supports a row of numerous eyelashes, 
which protect the eye from airborne particles. The shaft 
of each eyelash is surrounded by a root hair plexus that 
provides the hair with the sensitivity necessary to elicit a 


eRe eee e eee eeeeeeeeeeeeeeeeesesses 


caruncle: L. caruncula, diminutive of caro, tlesh 
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| * and covers the anterior surface of the eyeball. — yah ‘ey 
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reflexive closure of the lids. Eyelashes of the upper lid are 
long and turn upward, whereas those of the lower lid are 


short and turn downward. 
In addition to the layers of the skin and the underlying 


connective tissue and orbicularis oculi muscle fibers, each eye- 


lid contains a tarsal 
plate, tarsal glands, 
and conjunctiva. The 
tarsal plates, com- 
Pupil posed of derise regular 
CONNECHIVE Tlssuc, are 
iris important in main- 
taining the shape of 
Upper eyelid the eyelids (fig. 18.28). 
Specialized sebaceous 

Lacnmal caruncle glands called tarsal 
(meibomian) glands 

iat de No lie he are embedded within 


bvegistied the tarsal plates along 

the exposed inner sur- 
faces of the eyelids. 
The ducts of the tarsal 
glands open onto the 
edges of the eyelids, 
and their oily secre- 
tions help keep the eyelids from adhering to each other. A 
chalazion (ka-la ‘ze-on) is a tumor or cyst on the eyelid that 
results from an infection of the tarsal glands. Modified 
sweat glands called ciliary glands are also located within 
the eyelids, along with additional sebaceous glands at the 
bases of the hair follicles of the eyelashes. An infection of 


these sebaceous glands is referred to as a sty. 


Conjunctiva The conjunctiva (con “jungk-ti‘vi) is a del- 
icate mucus-secreting epithelial membrane that lines the 
interior surface of each eyelid and exposed anterior surface 
of the eyeball (fig. 18.28). It consists of stratified squa- 
mous epithelium that varies in thickness in different re- 
gions. The palpebral conjunctiva is thick and adheres to 
the tarsal plates of the eyelids. As the conjunctiva re- 
flects onto the anterior surface of the eyeball, it is known 
as the bulbar conjunctiva. This portion is transparent 
and especially thin where it covers the cornea. Because 
the conjunctiva is continuous and reflects from the eye- 
lids to the anterior surface of the eyeball, a space called 
the conjunctival sac exists when the eyelids are closed. 
The conjunctival sac protects the eyeball by preventing 
objects (including a contact lens) from passing beyond 
the confines of the sac. The conjunctiva can repair itself 
rapidly if it is scratched. 


Lacrimal Apparatus The lacrimal apparatus consists 
of the lacrimal gland, which secretes the lacrimal fluid 
(tears), and a series of ducts that drain the secretion 
into the nasal cavity (see fig. 18.27). The lacrimal 


tarsal: Gk tarsos, flat basket 
meibomian glands’ trom Heinrich Meibom, German anatomist, 1638-1700 
Chalazion. Gk. cha/azion, hail, a small tubercle 
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FIGURE 18.28 


Accessory structures of the eyeball as seen in a sagittal section of the eyelids and an anterior 


portion of the eyeball within the orbit. 


gland, which is about the size and shape of an almond, is 
located in the superolateral portion of the orbit. It isa com- 
pound tubuloacinar gland that secretes lacrimal fluid 
through several excretory lacrimal ductules into the con- 
junctival sac of the upper eyelid. With each blink of the 
eyelids, lacrimal fluid passes medially and downward and 
drains into two small openings, called lacrimal puncta on 
both sides of the lacrimal caruncle. From here, the lacrimal 
fluid drains through the lacrimal canaliculus into the 
lacrimal sac and continues through the nasolacrimal duct to 
the inferior meatus of the nasal cavity. 

Lacrimal fluid is an aqueous, mucus secretion that con- 
tains a bactericidal enzyme called lysozyme. Lacrimal fluid 
not only moistens and lubricates the conjunctival sac but 
also reduces the likelihood of eye infections. Normally about 
1 ml of lacrimal fluid is produced each day by the lacrimal 
gland of each eye. If irritating substances, such as particles of 
sand or chemicals from onions, come in contact with the 
conjunctiva, the lacrimal glands are stimulated to over- 
secrete. The extra lacrimal fluid protects the eye by dilut- 
ing and washing away the irritating substance. 


Extrinsic Eye Muscles 9 The movements of the eyeball are 
Controlled by six extrinsic eye muscles called the extrinsic 
Ocular muscles (see fig. 13.7 and table 13.3). Four recti mus- 


cles maneuver the eyeball in the di- 
rection indicated by their names 
(superior, inferior, lateral, and me- 
dial), and two oblique muscles (su- 
perior and inferior) rotate the 
eyeball on its axis. One of the ex- 


Orbicularis oculi 
muscle 


trinsic ocular muscles, the superior 
oblique, passes through a pulleylike 
cartilaginous loop, the trochlea 
(trok ‘le-a), before attaching to the 
eyeball. Although stimulation of 
conjunctiva each muscle causes a precise move- 
Superior ment of the eyeball, most of the 
tarsal plate 


Bulbar 
conjunctiva 


movements involve the combined 
contraction of usually two muscles. 


Eyelashes 
may include an eye 


movement test. As the 
patient's eyes follow the 


\ A physical examination 


Conjunctival sac 
J 


movement of a physician's finger, 
the physician can assess 
weaknesses in specific muscles or 
dysfunctions of specific cranial 
nerves. The patient experiencing 
double vision (diplopia) when 
moving the eyes may be suffering 
from muscle weakness. Looking 
laterally tests the abducens cranial 
nerve, looking inferiorly and 
laterally tests the trochlear cranial 
nerve, and crossing the eyes tests the oculomotor and 
trochlear nerves of both eyes. 

Amblyopia exanopsia, commonly called “lazy eye,” isa 
condition of ocular muscle weakness causing a deviation of 
one eye. Because of this, two images are received by the optic 
cerebral cortex and one is suppressed to avoid diplopia. A 
person who has amblyopia will experience dimness of vision 
and partial loss of sight. Young children are tested for 
amblyopia because little can be done to strengthen the 
afflicted muscle if it has not been treated before age 6. 


Structure of the Eyeball 


The wall of the eyeball contains three layers, or tunics. The 
outer layer—the fibrous tunic—is divided into two regions: 
the posterior five-sixths is the opaque sclera and the anterior 
one-sixth is the transparent comea. The middle layer is the 
vascular tunic, or uvea (yoo ‘ve-<i), and consists of the choroid, 
ciliary body, and the ints. The innermost layer of the eyeball is 
the internal tunic, which contains the retina. The structures 
of the eyeball are summarized in table 18.3. 


Orbicularis oculi 
muscle 


Fornix of conjunctival sac 
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trochlea Gk frochos, a wheel 
amblyopia Gk. amblys, dull, ops, vision 
uvea L. uva, grape 

choroid Gk chorion, membrane 
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it a te eae as es = eae es ar 
Ske See % hal eee om dd yey 
Heng of structures ‘ol f th rere ‘ cay pees st 
1 Baaiea eee | "i Campoaitton Function i 
Outer layer of eyeball Avascular connective tissue Gives shape to eyeball 


Posterior, outer layer; white of the eye Tightly bound elastic and collagen © Supports and protects eyeball 


fibers 


Anterior surface of eyeball Tightly packed dense connective Transmits and refracts light ; 
— tissue—transparent and convex 


Middle layer of eyeball 


Supplies blood; prevents reflection 
Supplies blood to eyeball 


Highly vascular pigmented tissue 


Middle layer in posterior portion of Vascular layer 


eyeball 


Anterior portion of vascular tunic Supports the lens through 
suspensory ligament and % 
determines its thickness; secrettemy 


aqueous humor 


Regulates the diameter of the pupil, 
and hence the amount of light = 
entering the vitreous chamber 


Smooth muscle fibers and glandular 
epithelium 


Anterior portion of vascular tunic 
continuous with ciliary body 


Pigment cells and smooth muscle 
fibers 


ernal tunic Inner layer of eyeball Tightly packed photoreceptors, Provides location and support 
neurons, blood vessels, and for rods and cones 
connective tissue 
Principal portion Photoreceptor neurons (rods and Photoreception; transmits impu 
of internal tunic cones), bipolar neurons, and 


ganglion neurons 


The fibrous tunic of the eye consists of a tough coat of 
connective tissue called the sclera, which can be seen ex- 


ternally as the white of the eyes. The tissue of the sclera is 
continuous with the transparent cornea. Light passes 
through the cornea to enter the anterior chamber of the 
eye. Light then passes through an opening called the pupil, 
surrounded by a pigmented (colored) smooth muscle known 
as the iris. After passing through the pupil, light enters the 
posterior chamber and then passes through the lens as it 
enters the vitreous chamber (fig. 18.29). 

The iris is like the diaphragm of a camera; it can in- 
crease or decrease the diameter of its aperture (the pupil) 
to admit more or less light. Constriction of the pupils is pro- 
duced by contraction of the circularly arranged fibers within 
the ints; dilation is produced by contraction of the radially 
arranged fibers. Constriction of the pupils results from 


eee ee cece ee seseceseseseesesesesees 
sclera Gk skleros hard 

cornea L cornu. horn 

iis Gk iid, rainbow 
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parasympathetic stimulation, whereas dilation results from 
sympathetic stimulation (fig. 18.30). Variations in the di- 
ameter of the pupil are similar in effect to variations in the 
f-stop of a camera. 

The posterior part of the iris contains a pigmented ep- 
ithelium that gives the eye its color. The color of the eye is 
determined by the amount of pigment—bhlue eyes have the 
least pigment, brown eyes have more, and black eyes have 
the greatest amount of pigment. In the condition of al- 
binism—a congenital absence of normal pigmentation due 
toa defect in the ability to produce melanin pigment—the 
eyes appear pink because the absence of pigment allows 
blood vessels to he seen. 

Enclosed within a lens capsule, the lens is suspended 
from a muscular process called the ciliary body, which 1s 
connected to the sclera. Numerous extensions of the ciliary 
body attach to zonular fibers, which in turn attach to the 


zonular fibers: L. zona, a girdle 
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Sclera 


eyeball. 


Conjunctiva 


Choroid 


Retina Posterior chamber 


Cornea 
Fovea centralis Anterior chamber 


Pupil 


Central artery 
fearas: Central vein 
Ins 
% : Optic nerve Posterior chamber 


Zonular fibers of 
suspensory ligament 


Ora serrata 


ee Vitreous chamber 


y Postganglionic 
a sympathetic 


axon 
From supenor 


—— cervical 
ganglion 


Radially arranged smooth 
muscle fibers of the iris 


Circularly arranged 
smooth muscle fibers of 
the ins 


IN NORMAL LIGHT if 


Pupil 


4 Ciliary 
ganglion 
Postganglionic 
FIGURE 18.30 parasympathetic 


Dilation and constriction of the pupil. In dim We 4a a = 
light, the radially arranged smooth muscle fibers 

are stimulated to contract by sympathetic stimulation, 

dilating the pupil. In bright light, the circularly arranged smooth 

muscle fibers are stimulated to contract by parasympathetic 

Stimulation. constncting the pupil. 


Supenor rectus muscle ——— i FIGURE 18 29 


The internal anatomy of the 
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Downloaded from Durr-e-Danish Library 


Aqueous 


the retina contribute fibers that are gathered tovether 


_— , ~~ —_ ata region called the optic dise (fig. 18.32) to exit the 
Cornea 


Ins 


Scleral venous sinus 
(canal of Schlemm) 
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Cilary body 


Anterior 
chamber 


Vitreous Posterior 
humor chamber 


FIGURE 18.31 

Aqueous humor maintains the intraocular pressure within the anterior 
and posterior chambers. It is secreted into the posterior chamber, flows 
through the pupil into the anterior chamber, and drains from the 
eyeball through the scleral venous sinus (canal of Schlemm). 
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lens capsule. Collectively, the zonular fibers constitute the 
suspensory ligament. The space between the cornea and 
iris is the anterior chamber, and the space between the iris 
and the ciliary body and lens is the posterior chamber (fig. 
18.31). 

The anterior and posterior chambers are filled with a 
watery fluid called the aqueous humor. This fluid is secreted 
by the ciliary body into the posterior chamber and passes 
through the pupil into the anterior chamber. From here, it 
drains into the scleral venous sinus (canal of Schlemm), 
which returns this fluid to the venous blood (fig. 18.31). In- 
adequate drainage of aqueous humor can lead to excessive 
accumulation of fluid, which in turn results in increased in- 
traocular pressure. This condition, called glaucoma, may se- 
riously damage the retina and cause loss of vision. 

The portion of the eye located behind the lens is filled 
with a clear vel known as the vitreous humor. Light passing 
through the lens and vitreous humor enters the retina. While 
passing through the reana, some of this light stimulates pho- 
toreceptors, Which in turn activate other neurons. Neurons in 


canal of Schlemm from Fnedrich S Schlemm. German anatomist, 1795-1858 
vitreous L vilreus, glassy 


retina as the optic nerve. This region lacks photore- 
ceptors, and is thus a blind spot. The optic disc is also 
the site of entry and exit of blood vessels. 


Refraction 


Light is refracted, or bent, as it passes from a medium 
of one density into a medium of a different density, 
The degree of refraction depends on the comparative 
densities of the two media, as indicated by their re- 
fractive index. The refractive index of air ts set at 1.00; 
the refractive index of the cornea, by comparison, is 
1.38, and the refractive index of the lens is 1.45. Since 
the greatest difference in refractive index occurs at 
the air-cornea interface, light is refracted most at the 
cornea. 

The degree of refraction also depends on the cur- 
vature of the interface between two media. The cur- 
vature of the cornea is constant, however, while the 
curvature of the lens can be varied. The refractive 
properties of the lens can thus provide fine control 
for focusing light on the retina. Asa result of light re- 
fraction, the image formed on the retina is upside 
down and right to left (fig. 18.33). 

The visual field—which is the part of the external 
world projected onto the retina—is thus reversed in each 
eye. The cornea and lens focus the right part of the visual 
field on the lett half of the retina of each eye, while the left 
half of the visual field is focused on the right half of each 
retina (fig. 18.34). The medial (or nasal) half-retina of the 
left eye therefore receives the same image as the lateral (or 
temporal) half-retina of the right eye. The nasal half-retina 
of the right eye receives the same image as the temporal half- 
retina of the left eye. 


Accommodation 


When a normal eye views an object, parallel rays of light 
are refracted toa point, or focus, on the retina. If the degree 
of refraction remained constant, movement of the object 
closer to or farther from the eye would cause corresponding 
movement of the focal point, so that the focus would either 
be behind or in front of the retina. 

The ability of the eyes to keep an image focused on 
the retina ay the distance between the eves and object 
changes ts called accommodation. Accommodation results 
from contraction of the ciliary muscles of the ciliary body: 
This ring of smooth muscle fibers is lke a sphincter mus 
cle that can vary its aperture (fig. 18.35). When the ciliary 
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FIGURE 18.32 


A view of the retina as seen with an ophthalmoscope. Optic nerve fibers 
leave the eyeball at the opne disc to form the optic nerve. (Note the blood 
vessels that can be seen entering the eyeball at the optic disc.) 


Fovea centralis 


Optic nerve Anterior chamber 


Conjunctiva 


Vitreous humor 


FIGURE 18.33 
The refraction of light waves within the eyeball causes the image of an 
Object to be inverted on the retina. 
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muscles are relaxed, the aperture is wide. Relaxation of the 
ciliary muscles thus places tension on the zonular fibers and 
pulls the lens taut. These are the conditions that prevail 
when viewing an object that is 20 feet or more from a nor- 
mal eye; the image is focused on the retina and the lens is in 


ip : FON Fields of vision 


Nasal 
half-retinas 


Temporal 


half-retina half-retina 
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FIGURE 18.34 me 
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its most flat, least convex form. As the object moves closer 
to the eyes, the muscles of the ciliary body contract. This 
muscular contraction narrows the aperture of the ciliary 
body and reduces the tension on the zonular fibers that sus- 
pend the lens. When the tension is reduced, the lens be- 

comes more rounded and convex as a result of its 


inherent elasticity (fig. 18.36). 
accommodate can be measured by the 


\ near-point-of-vision test, which is the 
= minimum distance from the eyes at wh 
an object can be maintained in focus. This di 


selisca@=a 


The ability of a person's eyes to 


almost everyone over the age of 45 is sign 
impaired. Loss of accommodating ability 
is known as presbyopia. This loss appears to have 
a number of causes, including thickening of the 
lens and a forward movement of the attachments c 
the zonular fibers to the lens. As a result of th 
changes, the zonular fibers and lens are pulled taut 
even when the ciliary muscles contract. The lens is 
thus not able to thicken and increase its refraction 
when, for example, a printed page is brought close 
to the eyes. 


bse 
1ag 


Retina 


The retina is the principal structure of the inter- 


Refraction of light in the cornea and lens produces a right-to-left image 
on the retina. The left side of the visual field is projected to the right half 
of each retina, while the right side of each visual field 1s projected to the ° 
left half of each retina. peers haa» | 
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(a) (b) 
Structure of the anterior portion of the eyeball. (a) A sagittal view, 


of the lens and supporting structures, and 


in anterior view sn 


ng the 


ograph 


ens. zonular fibers, and ciliary muscles 


Ciliary muscle ———_TARY, 


(a-b) From “How the Eye Focuses 
Handleman. Copyright © 1988 by Scientific American, Ir 


rights reserved 


nal tunic. The retina consists of a thin outer pig- 
mented layer (in contact with the choroid of the 
vascular tunic) and a thick inner nervous layer. 
The retina is principally in the posterior part of 
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FIGURE 18.36 
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Sensory Organs 


taut. (b) The lens is more spherical for close-up vision when 
the ciliary muscle fibers are contracted and the suspensory 
ligament is relaxed. 


Changes in the shape of the lens during accommodation. 
(a) The lens is flattened for distant vision when the ciliary 
muscle fibers are relaxed and the suspensory ligament is 


the eyeball (see fig. 18.29). The visual layer of the 
retina terminates in a jagged margin near the ciliary 
body called the ora serrata. The pigmented layer ex- 
tends anteriorly over the back of the ciliary body and 
iris, 


a 


two layers may become separated asa detached retina 


The pigmented and nervous layers of the retina 
are not attached to each other, except 
surrounding the optic nerve and at the ora 
serrata. Because of this loose connection, the 


Such Q se -paration can be corrected by fusing the layers 
witha laser 


The nervous layer of the retina ts composed of 


three principal layers of neurons (tg. 18.37). The neu- 
Tons located most superficially are called ganglion cells, 


Ora serrata L. ora, margin, serrd, saw 


Choroid coat 


=— Pigmented epithelium 


SELLS PU ETETAUERI OTe ret ones | Receptor cells 
(rods and cones) 
Togs? +} Bipolar neurons 


Ganglion cells 
— Nerve fibers 


FIGURE 18.37 


A photomicrograph showing the layers of the retina. The retina is inverted 


so that light must pass through various layers of nerve cells before 


reaching the photoreceptors (rods and cones) 
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Direction 
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FIGURE 18.38 

A diagram showing the layers of the retina and the direction of 
light that travels through it. Nerve impulses are transmitted in the 
opposite direction. 


and their axons form the optic nerve. These neurons receive 
synaptic input from bipolar cells underneath, which in turn 
receive input from the photoreceptors—the rods and cones. 
In addition to the flow of information from photoreceptors 
to bipolar cells to ganglion cells, neurons called horizontal 
cells synapse with several photoreceptors (and possibly also 
with bipolar cells) and neurons called amacrine cells synapse 
with several ganglion cells. 

The architecture of the retina is the reverse of what 
might be expected. Light traveling through the vitreous body 
strikes the ganglion cell layer of the retina first and then 
must pass through the bipolar cell layer before reaching the 
photoreceptors (fig. 18.38). Neural information then passes 
in the reverse direction. 


Effect of Light on the Rods = The photoreceptor rods and 
cones, shown in figure 18.39, are activated when light pro- 
duces a chemical change in molecules of pigment contained 
within the membranous lamellae of the outer segments of 
these cells. Rods contain a purple pigment known as 


rhodopsin Gk rhodon. rose, ops, eye 
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rhodopsin. The pigment appears purple (a combination of 
red and blue) because it transmits light in the red and blue 
regions of the spectrum while absorbing light energy in the 
green region. The wavelength of light that is absorbed best— 
the absorption maximum—is about 500 nm (a green-colored 
light). 

Green cars (and other objects that are green) are eas- 
ier to see at night (when rods are used for vision) than those 
that are red. This is because red light is not well absorbed 
by rhodopsin, and only absorbed light can produce the pho- 
tochemical reaction that results in vision. In response to ab- 
sorbed light, rhodopsin dissociates into its two components: 
a pigment called retinene (or retinaldehyde), derived from 
viramin A, and a protein called opsin. This reaction is 
known as the bleaching reaction. 

Retinene can assume two configurations (shapes): the 
all-trans form or the 1 1-cis form (fig. 18.39). The all-trans form 


eee eee eee eee 2 2 


opsin: Gk. ops, eye 


is more stable, but only the 
Ll-cis form ts found attached 
to opsin. In response to ab- 
sorbed light energy, the 1 1-cis 


(a) 


retinene is Converted to the 
all-trans form, causing it to Opsin 
dissociate from the opsin. 
This dissociation reaction in 
response to light initiates 
changes in the ionic perme- 
ability of the rod cell mem- 
brane and ultimately results 

in the production of nerve — (p) 
impulses in the ganglion cells. 

As aresult of these effects, 

rods provide black-and-white 
vision under conditions of 

low light intensity (as de- 
scribed in a later section). 


= 


Opsin 


= Scientists have 

recently discovered 

the genetic basis for blindness in the disease 

dominant retinitis pigmentosa. People with this 
disease inherit a gene for the opsin protein in which a single 
base change 1n the gene (substitution of adenosine for 
cytosine) causes the amino acid histidine to be substituted for 
proline at a specific point in the polypeptide chain. This 
abnormal opsin leads to degeneration of the photoreceptors. 


The bleaching reaction that occurs in response to ab- 
sorbed light results in a lowered amount of rhodopsin in the 
rods and lowered amounts of visual pigments in the cones. 
Therefore, when a light-adapted person first enters a dark- 
ened room, sensitivity to light is low and vision 1s poor. A 
gradual increase in photoreceptor sensitivity, known as dark 
adaptation, then occurs, reaching maximal sensitivity in 
about 20 minutes. The increased sensitivity to low light in- 
tensity is due partly to increased amounts of visual pigments 
produced in the dark. Increased pigments in the cones pro- 
duce a slight dark adaptation in the first 5 minutes. Increased 
thodopsin in the rods produces a much greater increase in 
sensitivity to low light levels and is partly responsible for 
the adaptation that occurs after about 5 minutes in the dark. 
In addition to the increased concentration of rhodopsin, 
other more subtle Gand less well-understood) changes occur 
in the rods that ultimately result in a 1OQ,Q00-told increase 
in hight sensitivity in dark-adapted as compared to light- 
adapted eyes. 


Electrical Activity of Retinal Cells = The only neurons in 
the retina that produce all-eor-none action potentials are 
ganghon cells and amacrine cells. The photoreceptors, hipo- 
lar cells, and horizontal cells instead produce only graded 
depolanzanons or hyperpolanizations, analogous to EPSPs 
and IPSPs 
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FIGURE 18.40 

The photopigment rhodopsin consists of the protein opsin 
combined with | 1-cis retinaldehyde (a). In response to hight. the 
retinaldehyde is converted to a different form, called all-trans, 
and dissociates from the opsin (b). This photochemical reaction 
induces changes 1n tonic permeability, ultimately resulting in 
stimulation of ganglion cells in the retina. 


In the dark, the photoreceptors have a resting mem- 
brane potential that is less negative (closer to zero) than 
that of most other neurons. This property results from a 
constant current of Na* into the cell, called a dark cur- 
rent, through special Na* channels. Light causes a block- 
these Na* channels; consequently, the 
photoreceptors become less depolarized than they are in 
the dark. Put another way, light causes the photoreceptors 
to become hyperpolarized in comparison to their membrane 
potential in the dark. Since light ultimately must have a 


age of 


sumulatory effect on the optic nerve, this hyperpolarization 
(which ts associated with inhibition—chapter 14) 1s cer- 
tainly surprising. 

The translation of the effect of light on photorecep- 
tors to the production of nerve impulses may be explained in 
the tollowing manner. Photoreceptors in the dark release a 
neurotransmitter chemical at a constant rate at their 
synapses with bipolar cells. Hyperpolanzation of the pho- 
foreceptors in Tesponse Co hieht dec Toases their release of a 
neurotransmitter. In some cases, this neurotransmitter ts in- 
hibirory to the bipolar cell. If the neurotransmitter as in- 
hibtrory, the secretion of lower amounts of this chemical 
will stimulate the bipolar cells. These neurons im turn act- 
vate ganglion cells, and action potentials will thus be pro- 
duced on fibers of the optic nerve in response to light. 
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FIGURE 18.41 


There are three types of cones, each of which contains 
retinaldehyde combined with a different type of protein. 


Cones and Color Vision Cones are less sensitive than rods 
to light, but cones provide color vision and greater visual 
acuity, as described in the next section. During the day, 
therefore, the high light intensity bleaches out the rods, and 
color vision with high acuity is provided by the cones. Ac- 
cording to the trichromatic theory of color vision, our per- 
ception of a multitude of colors is due to stimulation of only 
three types of cones. Each type of cone contains retinene, 
as in rhodopsin, but the retinene in the cones is associated 
with proteins other than opsin. The protein is different for 
each of the three cone pigments; thus, each of the pigments 
absorbs light of a given wavelength (color) to a different de- 
gree. The three types of cones are designated blue, green, 
and red, according to the region of the visible spectrum in 
which each cone pigment absorbs light maximally (fig. 
18.41). Our perception of any given color depends on the 
relative degree to which each cone is stimulated by any given 
wavelength of visible light. 

Suppose a person has become dark adapted in a pho- 
tographic darkroom over a period of 20 minutes or longer 
but needs more light to examine some prints. Since rods do 
not absorb red light but red cones do, a red light in a pho- 
tographic darkroom allows vision (because of the red cones), 
but does not cause bleaching of the rods. When the light is 
turned off, therefore, the rods will still be dark adapted and 


the person will sall be able to see. 


“a Color blindness is due to a congenital lack of one or 
more types of cones. People with normal color vision 
are trichromats: people with only two types of cones 
are dichromats. Dichromats may be missing red 

cones (have protanopia), or green cones (have deuleranopia), 
or blue cones (have tritanopia). They may have difficulty, for 
example, distinguishing red from green. People who are 


monochromats have only one cone system and can only see 
black, white, and shades of gray. Color blindness 1s a trait 
carned on the X chromosome; since men have only one X 
chromosome per cell, whereas women have two x 
chromosomes (see chapter 30), men are far more likely to be 


color blind than women (who can carry this trait ina 


recessive state). 


Visual Acuity and Sensitivity © While reading or similarly 
focusing visual attention on objects in daylight, each eye is 
oriented so that the image falls within a tiny area of the 
retina called the fovea centralis. The fovea centralis is a 
pinhead-sized pit within a yellow area of the retina called 
the macula lutea. The depression within the fovea centralis 
is formed as a result of the displacement of neural layers 
around the periphery; therefore, light falls directly on pho- 
toreceptors in the center (fig. 18.42). Light falling on other 
areas, by contrast, must pass through several layers of neu- 
rons, before reaching the photoreceptors. 

There are approximately 120 million rods and 6 million 
cones in each retina, but only about 1.2 million nerve fibers 
enter the optic nerve of each eye. This gives an overall con- 
vergence ratio of photoreceptors on ganglion cells of about 
105:1. This ratio is misleading, however, because the degree 
of convergence is much lower for cones than for rods, and 
the ratio is 1:1 in the fovea centralis. 

The photoreceptors are distributed in such a way that 
the fovea centralis contains only cones, whereas more pe- 
ripheral regions of the retina contain a mixture of rods and 
cones. Approximately 4000 cones in the fovea centralis pro- 
vide input to approximately 4000 ganglion cells; each gan- 
glion cell in this region, therefore, has a private line to the 
visual field. Each ganglion cell thus receives input from an 
area of retina corresponding to the diameter of one cone 
(about 2 pm). Peripheral to the fovea centralis, however, 
many rods synapse with a single bipolar cell, and many bipo- 
lar cells synapse with a single ganglion cell. A single gan- 
glion cell outside the fovea centralis thus may receive input 
from large numbers of rods, corresponding to an area of about 
I square millimeter on the retina (fig. 18.43). 

Since each cone in the fovea centralis has a private 
line to a ganglion cell, and since each ganglion cell re- 
ceives input from only a tiny region of the retina, visual 
acuity ts greatest and sensitivity to low light is poorest when 
light falls on the fovea centralis. In dim light only the rods 
are acuvated, and vision is best out of the corners of the 
eye when the image falls away from the fovea centralis. 
Under these conditions, the convergence of many rods on 


fovea L fovea, small pit 
macula lutea L. macula, spot, luteus, yellow 
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FIGURE 18.42 

When the eyes “track” an object, the image is cast upon the 
fovea centrahs of the retina. The fovea is literally a "pit" 
formed by parting of the neural layers, so that light falls 
directly on the photoreceptors (cones) in this region. 
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Since bipolar cells receive input from the convergence 
( 7 of many rods (a), and since a number of such bipolar 
f en | cells converge on a single ganglion cell. rods provide 
: high sensitivity to low levels of light al the expense of 
visual acuity. By contrast, the 1:1:! ratio of cones to 


bipolar cells to ganglion cells in the fovea (b) provides 
high visual acuity but low sensitivity. 
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a single bipolar cell and the convergence of many bipolar 
cells on a single ganglion cell increase sensitivity to dim 
light at the expense of visual acuity. Night vision is there- 
fore less distinct than day vision. . 


Neural Pathways trom the Retina 


As a result of light refraction by the cornea and lens, the 
right half of the visual field is projected to the left half of 
the retina of both eyes (the temporal half of the left retina 
and the nasal half of the right retina). The left half of the vi- 
sual field is projected to the right half of the retina of both 
eyes. The temporal half of the left retina and the nasal half 
of the right retina therefore see the same image. Axons from 
ganglion cells in the left (temporal) half of the left retina 
pass to the left lateral geniculate body of the thalamus. 
Axons from ganglion cells in the nasal half of the right retina 
cross (decussate) in the optic chiasma to synapse also in the 
left lateral geniculate body. The left lateral geniculate, there- 
fore, receives input from both eyes that relates to the right 
half of the visual field (fig. 18.44). 

The right lateral geniculate body, similarly, receives 
input from both eyes relating to the left half of the visual 
field. Neurons in both lateral geniculate bodies of the thal- 
amus in turn project to the striate cortex of the occipital 
lobe in the cerebral cortex (fig. 18.44). 

Approximately 70% to 80% of the axons from the 
retina pass to the lateral geniculate bodies and to the striate 
cortex. This geniculostriate system is involved in perception 
of the visual field. Put another way, the geniculostriate sys- 
tem is needed to answer the question, What is it? Approxi- 
mately 20% to 30% of the fibers from the retina, however, 
follow a different path to the superior colliculus of the mid- 
brain (also called the optic tectum). Axons from the supe- 
rior colliculus activate motor pathways leading to eye and 
body movements. The tectal system, in other words, is 
needed to answer the question, Where is it? 


Superior Colliculus and Eye Movements = Neural pathways 
from the superior colliculus to motor neurons in the spinal 
cord help mediate the startle response to the sight of an un- 
expected intruder. Other nerve fibers from the superior col- 
liculus stimulate the extrinsic eye muscles, which, it may be 
recalled, are the striated muscles that move the eyes. 

Two types of eye movements are coordinated by the 
superior colliculus. Smooth pursuit movements track 
moving objects and keep the image focused on the fovea 
centralis. Saccadic eye Movements are quick (lasting 20 
to 50 msec), perky movements that occur while the eyes 
appear to be still. Saccadic movements continuously 
move the image to different photoreceptors; if they were 


saccadic Fr saccade, a sudden check or jerk 
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FIGURE 18.44 


Visual fields of the eyes and neural pathways for vision. An 
overlapping of the visual field of each eye provides binocular 
vision, which is the ability to perceive depth. 


to stop, the image would disappear as the photoreceptors 
became bleached. 

The tectal system is also involved in the control of 
the intrinsic eye muscles—the iris and the muscles of the 
ciliary body. Shining a light into one eye stimulates the 
pupillary reflex in which both pupils constrict. This is 
caused hy activation of parasympathetic neurons by fibers 
from the superior colliculus. Postganghonic neurons in the 
ciliary ganglia behind the eyes, in turn, stimulate con- 
strictor fibers in the iris. Contraction of the ciliary body 
during accommodation also involves stimulation of the su 
perior colliculus. 


Processing Visual Information Light cast on the retina 
directly affects the activity of photoreceptors and indirectly 
affects the neural activity in bipolar and ganglion cells. The 
part of the visual field that affects the activity of a particu- 
lar ganglion cell can be considered its receptive field. 

Studies of the electrical activity of ganglion cells have 
yielded some surprising results. In the dark, each ganglion 
cell discharges spontaneously at a slow rate. When the en 
lights are turned on, the firing rate of many (but not all) 
ganghion cells increases slightly. A small spot of light di- 
rected at the center of the receptive fields of some ganglion 
cells, however, stimulates a large increase in firing rate. A 
small spot of light can thus be a more effective stimulus than 
wider areas of light. 

When the spot of light is moved only a short distance 
away from the center of the receptive field, the ganglion cell 
responds in the opposite manner. The ganglion cell that was 
stimulated with light at the center of its receptive field is 
inhibited by light in the periphery of its field. The responses 
produced by light in the center and by light in the “sur- 
round” of the visual field are antagonistic. Those ganglion 
cells that are stimulated by light at the center of their vi- 
sual fields are said to have on-center fields; those that are in- 
hibited by light in the center and stimulated by light in the 
surround have off-center fields. 

The reason wide illumination of the retina has less ef- 
fect than pinpoint illumination is now clear; diffuse illumi- 
nation gives the ganglion cell conflicting orders—on and 
off. Because of the antagonism between the center and sur- 
round of ganglion cell receptive fields, the activity of each 
ganglion is determined by the difference in light intensity be- 
tween the center and surround of its visual field. This is a 
form of lateral inhibition that helps to accentuate the con- 
tours of images and improve visual acuity. 

Impulses produced by ganglion cells are transmitted to 
neurons in the lateral geniculate nuclei. Projections of nerve 
fibers from the lateral geniculate to the occipital lobe form 
the optic radiation (see fig. 18.44). Because these fiber pro- 
jections give this area a striped or striated appearance, it is 
also known as the striate cortex. The cortical neurons that 
receive input from neurons in the lateral geniculate, in turn, 
project to other cortical neurons, which in turn send im- 
pulses co still others. 

Experiments have shown that the dotlike information 
passed from the retina to the lateral geniculate nuclei to the 
cerebral cortex 1s transformed within the cortex into infor- 
mation about edges—their position, length, orientation, and 
movement. Although this information ts highly abstract, 
the visual association areas of the occipital lobe probably 
play an early role in the integration of visual information. 
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Other areas of the brain receive input from the visual asso- 
Clation areas and give meaning to visual perception. 


Clinical Considerations 


Numerous disorders and diseases afflice the sensory or- 


gans. Some of these occur during the sensitive period of 
prenatal development and are the result of hereditary in- 
fluences. Other sensory impairments, some of which are 
avoidable, can be acquired at any time of life. Still others 
result from changes associated with the natural aging 
process. The loss of a sense is traumatic and frequently 
involves a long adjustment period. Fortunately, however, 
when a sensory function is impaired or lost, the other 
senses seem to become keener to lessen the extent of the 
handicap. A blind person, for example, compensates 
somewhat for the loss of sight by developing a remark- 
able hearing ability. 

Entire specialties within medicine are devoted to treat- 
ing the disorders of specific sensory organs. It is beyond the 
scope of this text to attempt a comprehensive discussion of 
the numerous diseases and dysfunctions of these organs. We 
will comment generally, however, on the diagnosis of sen- 
sory disorders and on developmental problems that can affect 
the ears and eyes. In addition, we will discuss the more com- 
mon diseases and dysfunctions of these organs. 


Diagnosis of sensory Organs 


Ear) Otorhinolaryngology (0 “to-ri“‘no-lar “ing-gol ‘6-je) is the 
specialty of medicine dealing with the diagnosis and treat- 
ment of diseases or conditions of the ear, nose, and throat. 
Audiology is the study of hearing, particularly assessment of 
the ear and its functioning. 

There are three common instruments or techniques 
used to examine the ears to determine auditory function: 
(1) an otoscope is an instrument used to examine the tym- 
panic membrane of the ear; abnormalities of this mem- 
brane are informative when diagnosing specific auditory 
problems, including middle-ear infections; (2) tuning fork 
tests are useful in determining hearing acuity and especially 
for discriminating the various kinds of hearing loss; and 
(3) audiometry is a functional examination for hearing sen- 
sitivity and speech discrimination. 


Eye) There are two distinct professional specialties con- 
cerned with the structure and function of the eye. Op- 
tometry is the paramedical profession concerned with 


Sensory Organs 
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The development of the 
eye is a complex, rapid 


process starting early in the fourth week 


and involving the precise interaction of 
neuroectoderm, surface ectoderm, and 
mesoderm. The initial differentiation 
involves neuroectoderm forming a 
lateral diverticulum on each side of the 
prosencephalon (forebrain). As the 
diverticulum increases in size, the 
distal portion dilates to become the 
optic vesicle, and the proximal portion 
constricts to become the optic stalk 
(fig. 1). Once the optic vesicle has 
formed, the overlying surface ectoderm 
thickens and invaginates. The 
thickened portion is the lens placode 
and the invagination is the lens fovea. 
During the fifth week, the lens 
placodle is depressed and eventually cut 
off from the surface ectoderm, causing 
the formation of the lens vesicle. 
Simultaneously, the optic vesicle 
invaginales and differentiates into the 
two-layered optic cup. A groove called 
the optic fissure appears along the 
inferior surface of the optic cup in 
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optic: L. optica, see 


which the hyaloid artery and hyaloid 
vein traverse to serve the developing 
eyeball. The walls of the optic fissure 
eventually close so that the hyaloid 
vessels are within the tissue of the optic 
stalk. They become the central vessels 
of the retina of the mature eye. The 
optic stalk eventually becomes the optic 
nerve, composed of sensory axons from 
the retina. 

By the early part of the seventh 
week, the optic cup has differentiated 
into two sheets of epithelial tissue that 
become the sensory and pigmented 
layers of the retina. Both of these layers 
also line the entire vascular coat, 
including the ciliary body, iris, and the 
choroid. A proliferation of cells in the 
lens vesicle leads to the formation of 
the lens. The lens capsule forms from 
the mesoderm surrounding the lens, as 
does the vitreous humor. Mesoderm 
surrounding the optic cup differentiates 
into two distinct layers of the 
developing eyeball. The inner layer of 
mesoderm becomes the vascular 
choroid; the outer layer becomes the 


hyaloid: Gk. hyalos, glass; eiodos, form 


v4 


toughened sclera posteriorly ai: 
transparent cornea anteriorly. (ire the 
cornea has formed, additional sui: 
ectoderm gives rise to the thin 
conjunctiva covering the anterior 
surface of the eyeball. Epithelium ot the 
eyelids and the lacrimal glands ood 
duct develop from surface ectoderm 
whereas the extrinsic eye muscles and 
all connective tissues associated with 
the eye develop from mesoderm. These 
accessory structures of the eye 
gradually develop during the embryonic 
period and into the fetal period as late 
as the fifth month. 


FIGURE 1 

The development of the eye. (a) An 
anterior view of the developing head 
of a 22-day-old embryo and the 
formation of the optic vesicle trom the 
neuroectoderm of the prosencephalon 
(forebrain). (b) The development oi the 
optic cup. The lens vesicle is formed 
(c) as the ectodermal lens placode 
invaginates during the fourth week. 
The hyaloid vessels become enclosed 
within the optic nerve (c; and e;) as 
there is fusion of the optic fissure. (a) 
The basic shape of the eyeball and 
the position of its internal structures 
are established during the fifth week 
The successive development of the 
eye is shown at 6 weeks (e) and at 20 
weeks (f), respectively. (g) The eye of 
the newborn. 


Se 


assessing vision and treating visual problems. An op- 
tometrist prescribes corrective lenses or visual training but 
is nota medical doctor and does not treat eye diseases. 
Ophthalmology (of “thal-mol G-je) ts the speciality of medi- 
cine concerned with diagnosing and treating eye diseases. 

Although the eyeball iy an extremely complex organ, it 
is quite accessible to examination, Various techniques and 
instruments are used during an eye examination, but the fol- 
lowing are used most frequently: (1) a eyeloplege drug, which 


Is instilled into the eyes to dilate the pupils and temporart! 
inactivate the ciliary muscles; (2) a Snellen'’s chart, which © 
used to determine the visual acuity of a person standing 0 
feet from the chart (a reading of 20/20 is considered normal 
for the test); (3) an ophthalmoscope, which contains a light 
mirrors, and lenses to illuminate and magnify the incertor 
of the eyeball so that the structures within may be exam 
ined; and (4) a tonometer, used to measure ocular tension 


which ts important in detecting glaucoma. 
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Developmental Problems of the Fars and Fyes 


Although there are many congenital abnormalines of the 
eyes and ears, most of them occur rarely. The sensitive period 
of development for these organs ts from about 24 to 45 days 
after Conception. Indeed, 85% of new borns suffer anomalies 
if infected during this developmental ame period. Most con- 
genital disorders of the eyes and eary are caused by genetic 


factors or intrauterine intections such ay rubella virus 
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If a pregnant woman contracts rubella (German 
measles), there is a 90% probability that the embryo or fetus 
wall contract iealso. An embryo attlicted with rubella is 30% 
more likely to be aborted, sedlborn, or congenitally detormed 
than one that is not atthered. Rubella interteres with the 
mitotic process and thus causes underdeveloped organs. An 
embryo with rubella may sutfer trom a number of physical 
deformities, cataracts and glaucoma being common detormi- 
ties of the eve. 
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Ear Congenital deafness is generally caused by an auto- 
somal recessive gene but may also be caused by a maternal 
rubella infection. The actual functional impairment is gen- 
erally either a defective set of auditory ossicles or improper 
development of the neurosensory structures of the inner ear. 

Although the shape of the auricle varies widely, auric- 
ular abnormalities are not uncommon, especially in infants 
with chromosomal syndromes causing mental deficiencies. 
In addition, the external auditory canal frequently does not 
develop in these children, producing a condition called atre- 
sia (d-tre ‘zha) of the external auditory canal. 


Eye Most congenital cataracts are hereditary, but they may 
also be caused by maternal rubella infection during the crit- 
ical fourth to sixth week of eye development. In this condi- 
tion, the lens is opaque and frequently appears grayish white. 

Cyclopia is a rare condition in which the eyes are par- 
tially fused into a median eye enclosed by a single orbit. 
Other severe malformations, which are incompatible with 
life, are generally expressed with this condition. 


Infections, Diseases, and Functional 
Impairments of the Far 


Disorders of the ear are common and may affect both hear- 
ing and the vestibular functions. The ear is afflicted by nu- 
merous infections and diseases, some of which can be 
prevented. 


Infections and Diseases External otitis is a general term 
for infections of the outer ear. The causes of external otitis 
range from dermatitis to fungal and bacterial infections. 

Acute purulent otitis media ts a middle-ear infection. 
Pathogens of this disease usually enter through the auditory 
tube, most often following a cold or consillitis. Children fre- 
quently have middle-ear infections because of their suscep- 
tibility to infections and their short and straight auditory 
tubes. As a middle-ear infection progresses to the intlam- 
matory stage, the auditory tube closes and drainage ts pro- 
hibited. An intense earache is a common symptom of a 
middle-ear infection. The pressure from the inflammation 
may eventually rupture the tympanic membrane to permit 
drainaye. 

Repeated middle-ear infections, particularly in chil- 
dren, usually call tor an incision of the tympanic membrane 
known as a myringotomy (mir ing-got O-me) and the im- 
plantation of a tiny tube within the tympanic membrane 
(fig. 18.45) to assist the patency of the auditory tube. The 
tubes, which are ev entually sloughed out ot the car, permit 
the infection to heal and help prohibit turther intections by 
keeping the auditory tube open. Perforation of the tym- 
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FIGURE 18.45 
An implanted ventilation tube in the tympanic membrane 
following a myringotomy. 


panic membrane may occur as the result of infections or 
trauma. Sudden, intense noise can rupture the membrane. 
Spontaneous perforation of the membrane usually heals 
rapidly, but scar tissue may form and lessen the sensitivity 
to sound vibrations. 

Otosclerosis is a progressive deterioration of the nor- 
mal bone of the bony labyrinth and its replacement with 
vascular spongy bone. This frequently causes hearing loss as 
the auditory ossicles are immobilized. Surgical scraping ot 
the bone growth and replacing the stapes with a prosthesis ts 
the most frequent treatment for otosclerosis. 

Ménieére’s disease afflicts the inner ear and may cause 
hearing loss as well as equilibrium disturbance. The causes 
of Méniére’s disease vary and are not completely under: 
stood, but they are thought to be related to a dysfunction of 
the autonomic nervous system that causes a vasoconstric 
tion within the inner ear. The disease is characterized by re: 
current periods of vertigo (dizziness and a sensation of 
rotation), tinnitus (ti-ni‘tus) (ringing in the ear), and pre- 
gressive deafness in the affected ear. Méniére’s disease 
chronic and affects both sexes equally. It is more common 
in middle-aged and elderly people. 


Auditory Impairment Loss of hearing results from disease. 
trauma, or developmental problems involving any portion 
of the auditory apparatus, cochlear nerve and auditory path 
Way, OF areas of auditory perception within the brain. Heat 
ING IMparment varies trom shehe disablement, which may oF! 
may Not worsen, to total deatness. Some types ot hearns 
impairment, including deatness, can he mitigated through 
hearmy aids or surgery. 


Auditory impairments fall into two broad categories. 
Conduction deafness is caused by an interference with the 
sound waves through the outer or middle ear. Conduction 
problems include impacted cerumen (wax), a ruptured tym- 
panic membrane, a severe middle-ear infection, or adhe- 
sions of one or more auditory ossicles (otosclerosis). 
Conductive deatness can be successfully treated. 

Perceptive (sensorineural) deafness results from dis- 
orders that affect the inner ear, the cochlear nerve or nerve 
pathway, or auditory centers within the brain. Perceptive 
Impairment ranges in severity from the inability to hear 
certain frequencies to deafness. Such deafness may be 
caused by a number of factors, including diseases, trauma, 
and genetic or developmental problems. Hearing impair- 
ments of this type, which are common in elderly persons, 
are related to age. The ability to perceive high-frequency 
sounds is generally affected first. Hearing aids may help 
patients with perceptive deafness. This type of deafness is 
permanent, however, because it involves sensory struc- 
tures that cannot heal themselves through regeneration 
or replication. 


Functional Impairments of the Lye 


Few people have perfect vision. Slight variations in the 
shape of the eyeball or curvature of the cornea or lens re- 
sult in an imperfect focal point of light waves onto the 
retina. Most variations are slight, however, and the error of 
refraction goes unnoticed. Severe deviations that are not 
corrected may cause blurred vision, fatigue, chronic 
headaches, and depression. 

The primary clinical considerations associated with 
defects in the refractory structures or general shape of the 
eyeball are myopia, hyperopia, presbyopia, and astigmatism. 
Myopia (nearsightedness) is an elongation of the eyeball 
that causes light waves to focus ata point in the vitreous 
humor in front of the retina (fig. 18.46). Only light waves 
from close objects can be focused clearly on the retina; 
distant objects appear blurred. Hyperopia (farsightedness) 
is a condition in which the eyeball is too short; conse- 
quently, light waves have a focal point behind the retina. 
Although visual accommodation aids a hyperopic person, it 
generally does not help enough for the person to clearly 
see objects that are very close or far away. Presbyopia is a 
condition in which the lens tends to lose its elasticity and 
ability to accommodate. It is relatively common in elderly 
people. In order to read print on a page, a person with pres- 
byopra must hold the page farther from the eyes. Astigma- 
tism is a condition in which an irregular curvature of the 
cornea or lens of the eye distorts the refraction of light 
waves. Ifa person with astigmatism views a circle, the mage 
will not appear clear in all 360 degrees; the parts of the cir 
cle that appear blurred can be used to map the astigmatism. 


No correction necessary 


Normal sight 
Rays focus on retina 
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FIGURE 18.46 


In a normal eye (a), parallel rays of hght are brought to a focus on 
the retina by refraction in the cornea and lens. If the eye is too 
long. as in myopia (b), the focus is in front of the retina. This can 
be corrected by a concave lens. If the eye 1s too short, as in 
hyperopia (c), the focus is behind the retina. This is corrected by a 
convex lens. In astigmatism (d), light refraction is uneven due to 
an abnormal shape of the cornea or lens. 


Various glass or plastic lenses frequently benefit peo- 
ple with the visual impairments just described. Myopia may 
be corrected with a biconcave lens; hyperopia with a bi 
convex lens; and presbyopia with bifocals, or a combina- 
tion of two lenses adjusted for near and distant vision. 
Correction for asugmatism requires a careful assessment of 
the irregularities and a prescription of a specially ground 
corrective lens. 

The condition of myopia may also be treated by a sur- 
gical procedure called radial keratotomy. In this technique, 
8 ro 16 microscopic slashes, like the spokes of a wheel, are 
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made in the cornea from the center to rhe edge. The ocu- 
lar pressure inside the eyeball bulges the weakened cornea 
and flattens its center, changing the focal length of the 
eyeball. Side effects may include vision fluctuations, sen- 
sitivity to glare, and incorrect corneal alteration. 


Cataracts A cataract is a clouding of the lens that leads to 
a gradual blurring of vision and the eventual loss of sight. 
A cataract is not a growth within or upon the eye but a 
chemical change in the protein of the lens caused by injury, 
poisons, infections, or age degeneration. 

Cataracts are the leading cause of blindness. A cataract 
can be removed surgically, however, and vision restored by 
implanting a tiny intraocular lens that either clips to the 
iris or is secured into the vacant lens capsule. Special contact 
lenses or thick lenses for glasses are other options. 


Detachment of the Retina Retinal detachment is a separa- 
tion of the nervous or visual layer of the retina from the un- 
derlying pigment epithelium. It generally begins as a minute 
tear in the retina that gradually extends as vitreous humor 
accumulates between the layers. Retinal detachment may re- 
sult from hemorrhage, a tumor, degeneration, or trauma from 
a violent blow to the eye. A detached retina may be repaired 
by using laser beams, cryoprobes, or intense heat to destroy 
the tissue beneath the tear and rejoin the layers. 


Strabismus = Strabismus is a condition in which both eyes 
do not focus upon the same axis of vision. This prevents 
stereoscopic vision, and the individuals afflicted will have 
varied visual impairments. Strabismus is usually caused by 
a weakened extrinsic eye muscle. 

Strabismus is assessed while the patient attempts to 
look straight ahead. If the afflicted eye is turned toward the 
nose, the condition ts called convergent strabismus (es- 
otropia). If the eye is turned outward, it is called divergent 
strabismus (exotropia). Disuse of the afflicted eye causes a vi- 
sual impairment called amblyopia. Visual input from the 
normal eye and the eye with strabismus results in diplopia, or 
double vision. A normal, healthy person who has excessively 
consumed alcohol may experience diplopia. 


Infections and Diseases of the fye 


Infections Infections and inflammation can occur In any 
of the associated structures of the eye and in structures 
within or on the eyeball itself. The causes of infections are 
usually microorganisms, mechanical irritation, or sensitivity 
to particular substances. 

Conjunctivitis (inflammation of the conjunctiva) may 
result from sunburn or an infection by organisms such as 
staphylococci, viruses, or streptococci. Bacterial conjunc- 
tivitis is commonly called “pinkeye.” 

Keratitis (inflammation of the cornea) may develop 
secondarily from conjunctivitis or be caused by diseases such 
as tuberculosis, syphilis, mumps, or measles. Keratitis is 
painful and may cause blindness if untreated. 

A chalazion is a cyst caused by an infection and a sub- 
sequent blockage in the ducts of the sebaceous glands along 
the free edge of the eyelids. 

Styes (hordeola) are relatively common, but mild, in- 
fections of the follicle of an eyelash or the sebaceous gland 
of the follicle. Styes may spread readily from one eyelash to 
another if untreated. Poor hygiene and the excessive use of 
cosmetics may contribute to development of styes. 


Diseases Trachoma (tri-ko ‘ma) is a highly contagious bac- 
terial disease of the conjunctiva and cornea. Although rare 
in the United States, it is estimated that over 500 million 
people are afflicted by this disease. Trachoma may be treated 
readily with sulfonamides and some antibiotics, bur if un- 
treated it will spread progressively until it covers the cornea. 
Ac this stage, vision is lost and the eye undergoes degenera- 
tive changes. 

Glaucoma is the second leading cause of blindness and 
is particularly common in underdeveloped countries. Al- 
though it can afflict individuals of any age, 95% of the cases 
involve people over the age of 40. Glaucoma is an abnor- 
mal increase in the intraocular pressure of the eyeball. Aque- 
ous humor does not drain through the scleral venous sinus as 
quickly as it is produced. Accumulation of fluid causes com- 
pression of the blood vessels in the eyeball and compression 
of the optic nerve. Retinal cells die and the optic nerve may 
atrophy, producing blindness. 


POPP eee eee eee ee eee eee eee e eee 


glaucoma: Gk. glaukos, gray 
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Chapter ummary 


Characteristics of Sensory Receptors 
(pp. 465-467) 


1 


Receptors may be classified as 
chemoreceptors, mechanoreceptors, 
thermoreceptors. or photoreceptors; they 
may be further classified as 
exteroreceptors or enteroreceptors. 

a. Receptors that fire only when a 
stimulus changes are phasic: those 
that continue to fire as long as the 
stimulus 1s maintained are tonic. 

b. Stimuli produce graded generatory 
potentials in the sensory organs, 
analogous to EPSPs. 


Somatic Senses (pp. 467-474) 


1 


Somatic senses are those in which the 
receptors are localized within the body 
wall. They include cutaneous receptors 
and proprioceptors 

a. Corpuscles of touch, free nerve 
endings, and root hair plexuses are 
tactile receptors responding to light 
touch. 

b. Lamellated corpuscles are pressure 
receptors in the dermis. 

c. Thermoreceptors include the organs 
of Ruffini (heat) and bulbs of Krause 
(cold). 

d. Free nerve endings are the principal 
pain receptors, serving to protect the 
body from injury 

e. Joint kinesthetic receptors are 
proprioceptors that are sensitive to 
changes in stretch and tension. 

The acuity of sensation depends on the 

density of the receptors in the stimulated 

receptive field and on lateral inhibition. 

Neuromuscular spindles elicit the muscle 

stretch reflex and provide information 

about muscle length. 

Motor neurons that stimulate extrafusal 

(outside the neuromuscular spindle) 

fibers to contract are called alpha 

motoneurons. those that cause the 
intraftusal muscle fibers of the spindles to 
contract are called gamma motoneurons. 

a. Only stimulation by the alpha 
motoneurons can cause muscle 
contraction that results in skeletal 
movements 


b. Activation of gamma motoneurons 


enhances the stretch reflex 
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5. Neurotendinous receptors (Golgi tendon 


Organs) monitor tension in tendons. 
When activated. they inhibit contracting 
muscles, causing them to relax. 


Taste and Olfaction (pp. 474-477) 


1. 


Taste buds are located on the papillae of 
the tongue and respond to either sweet. 
sour, bitter, or salty tastes, depending 
upon their location on the tongue. 

The olfactory receptors are the dendritic 
endings of the olfactory nerve and 
transmit their impulses directly through 
the olfactory bulb to the cerebral cortex. 


Equilibrium (pp. 478-482) 
1. The sense of equilibrium is provided by 


the vestibular apparatus of the inner ear; 

the vestibular apparatus includes the 

otolith organs (utricle and saccule) and 
the three semicircular canals 

a. The sensory structures for equilibrium 
and hearing are contained within a 
membranous labyrinth filled with 
endolymph. 

b. The membranous labyrinth is 
contained within a bony cavity called 
the bony labyrinth, which is filled with 
perilymph. 

Sensory hair cells within the fluid-filled 

membranous labyrinth provide the sense 

of equilibrium; in the otolith organs, the 
hair processes protrude into an otolith 
membrane 

In the semicircular canals, the hair 

processes are embedded in a gelatinous 

Cupula, which is bent by movements of 

the head along the axis of each canal, 

bending of the hairs results in the 
production of nerve impulses. 


Hearing (pp. 482-487) 


1 


The outer ear consists of the auricle and 
the external auditory canal, and is 
bounded by the tympanic membrane. 

The middle-ear cavity contains the 
malleus, incus. and stapes, the malleus is 
attached to the tympanic membrane, and 
the stapes is attached to the oval 
(vestibular) window of the cochlea 
Vibrations of the oval window in 
response to sound produces 
displacements of fluid within the cochlear 
duct, which is a part of the membranous 
labyrinth of the inner ear 


4. Displacements of fluid within the cochlea 


in response to sound cause the lower part 

of the cochlear duct, known as the basilar 

membrane, to vibrate 

a. These vibrations cause hair 
processes of hair cells on this 
membrane to bend 

b. The basilar membrane. hair cells, and 
the tectorial membrane into which the 
hair processes are embedded, 
together compose the spiral organ, or 
organ of Corti 

c. Bending of hair in the spiral organ 
produces impulses thal are transmitted 
to the brain in the eighth cranial nerve 
and interpreted as sound 

d. The pitch of the sound is determined 
by the location of the stimulated hair 
cells on the basilar membrane. 


Vision (pp. 487-503) 


Ty 


Accessory structures of the eyes include 
the eyebrows, eyelids, eyelashes, 
conjunctiva, and lacrimal apparatus 
The fibrous tunic of the eyeball includes 
the white sclera and the transparent 
cornea, which admits light into the eye 
a. The middle layer, or vascular tunic, 
consists of the choroid. ciliary body, 
and iris 


b. The iris is composed of two layers of 


muscle that can dilate or constrict the 
pupil to admit more or less light into 
the eye. 

The ciliary body contains muscles that, 

through attachments of the suspensory 

ligament to the lens. can alter the degree 

to which the lens is stretched and thus 

can vary the refractive power of the lens. 

a. Contraction of the ciliary muscles 
releases tension on the lens, allowing 
it to Increase its convexity and 
focusing power as an object is 
brought closer to the eyes 

b. Relaxation of the ciliary muscles 
places tension on the lens and flattens 
it, allowing an image to remain in 
focus as an object moves farther away 
from the eyes 

c. The ability of the eye to maintain a 
focus on the retina as the distance to 
an object is varied ts called 
accommodation 

Light passes through the lens and 

vitreous body to reach the inner layer of 

the eye—the retina 


Sensory Organs 
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Integumentary System 

© Protects the body from pathogens and helps to 
maintain body temperature 

© Provides cutaneous sensations of touch, 
pressure, pain, and heat and cold 


Skeletal System 
e Provides protection and support for the eye, ear, 
and other sensory organs 
e Allows body movement 
e Provides sensory information about joint 
movement and the tension of tendons 


Muscular System 

® Cardiac and smooth muscles help deliver blood 
to sensory organs 

® Skeletal muscles protect some sense organs 

e Provides sensory information about the degree of 
stretch of muscles and the tension that muscles 
exert at their tendons 


Nervous System 

© Conducts impulses from sensory organs, integrates 
that information within the central nervous system, 
and directs responses to the sensory information 
through activation of effector organs 

Responds to stimuli in the internal or external 
environment, transduces those stimuli into 
changes in membrane potential, and activates 
sensory neurons 


Endocrine System 

e Hormones maintain metabolic health of sensory 
organs 

e Sensory stimuli from the internal environment 
provide stimuli for secretion of appropriate 
hormones 


Interactions of the Sensory System 
with other Body Systems 


Circulatory System 
© Delivers oxygen and nutrients to sens 
and removes metabolic wastes 
© Sensory stimuli from the heart and bloo 
provide information for neural regulation 
circulatory system 


Lymphatic System ' 

¢ Protects against infections of the sensor 

¢ Pain sensations may arise from swol 
nodes, alerting us to infection 


Respiratory System 

¢ Provides oxygen for transport by the blood a 
provides for elimination of carbon dioxide 
the blood 

¢ Chemoreceptors in the aorta, carotid, and in the 
medulla oblongata provide sensory information 
for the regulation of breathing 


Urinary System 

¢ Regulates the volume, pH, and electrolyte 
balance of the blood and eliminates wastes 

* Stretch receptors in the renal tubules and in the 
atria of the heart provide information for the 
endocrine regulation of kidney function 


Digestive System 

* Provides nutrients for the sensory organs 

© Sensory stimuli provide information for neural 
and endocrine regulation of the digestive system 


Reproductive System 

¢ Gonads produce sex hormones that influence 
sensations 

* Provides sensory information for erection and 
orgasm, as well as for other aspects of 
reproductive functioning 


4 
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5. 


The retina consists of a pigmented layer 
and a neural layer; the latter includes 
photoreceptor rods and cones. 

a. Light passes through a ganglion cell 
layer, then a bipolar cell layer, before 
reaching the photoreceptors in the 
retina. 

b. Impulses are conducted from the 
photoreceptors to bipolar neurons, 
then to ganglion neurons that provide 
axons to the optic nerve, which exits 
the eye at the optic disc. 


6. Cones provide daylight color vision and 
are responsible for visual acuity. 

a. They are most concentrated in the 
fovea centralis, where they have 1:1 
synapses with bipolar neurons. 

b. There are three types of cones, 
described by their maximal sensitivity 
as red, green, and blue. 


7. Rods respond to dim light for black-and- 


white vision. 

a. They are stimulated by the 
photodissociation of rhodopsin, the 
retinene part of which is derived from 
vitamin A 

b. Rods converge onto bipolar cells, thus 
providing high visual sensitivity at low 
levels of illumination. 


8. Visual information is transmitted from the 


eyes to the lateral geniculate bodies and 
then to the striate cortex of the occipital 
lobes of the cerebral cortex. 


Review Activities 


Objective Questions 


i 


Which of the following cutaneous 


9. Cutaneous receptive fields are smallest in 


a. the fingertips. 


15. Glasses with concave lenses help correct 


a. presbyopia. 


receptors is sensitive to deep pressure? b. the back. D. myopia. 
a. root hair plexus c. the thighs. c. hyperopia 
b. lamellated corpuscle d. the arms d. astigmatism 


c. organ of Ruffini 

d. free nerve ending 

Which of the following is an avascular 
ocular tissue? 


10. The process of lateral inhibition 


a. increases the sensitivity of receptors. 
b. promotes sensory adaptation. 
C. increases sensory acuity. 


16 Parasympathetic nerves that stimulate 


constriction of the iris (in the pupillary 
reflex) are activated by neurons in 
a. the lateral geniculate 


a. sclera d. prevents adjacent receptors from b. the superior colliculus. 
b. cornea being stimulated. c. the inferior colliculus. 
c. ciliary body 11. The receptors for taste are d. the striate cortex. 
d. iris a. naked sensory nerve endings. 17. The ability of the lens to increase its 
3. The middle ear is separated from the b. encapsulated sensory nerve endings. curvature and maintain a focus at close 
inner ear by C. modified epithelial cells. distances is called 


a. the round window. 

b. the tympanic membrane. 

c. the oval window 

d bothaandc. 

Match the vestibular organ on the left 
with its correct component on the right. 


12. The utricle and saccule 


a. are otolith organs. 

b. are located in the middle ear. 

C. provide a sense of linear acceleration. 
d. both aandc apply 

e. both b and c apply 


13. Since fibers of the optic nerve that 


a. convergence. 
b. accommodation 
C. astigmatism. 
d. amblyopia 


18. Which of the following sensory modalities 


is transmitted directly to the cerebral 


4. utricleand saccule a. cupula Cortex, without being relayed through the 
5 sate ti canals ciliary body originate in the nasal halves of each retina thalamus? 
6. cochlea ¢ basilar membrane Cross at the optic chiasma, each lateral a taste 
d_otolith membrane geniculate receives input from b. sight 
7. The dissociation of rhodopsin in the rods a. both the right and left sides of the c. smell 
j visual field of both eyes d. hearing 
nse to light causes 
_ Pete aisle to become blocked. b. the ipsilateral visual field of both eyes e. touch 


b. the rods to secrete less 
neurotransmitter. 


c. the contralateral visual field of both 
eyes 
d. the ipsilateral field of one eye and the 


Essay Questions 


Sensory Organs 


c. the bipolar cells to become either 
stimulated or inhibited. 
d. all of the above. 


1. Define the term /ateral inhibition and give 


examples of its effects in three sensory 
systems 


contralateral field of the other eye 
14. When a person with normal vision views 
an object trom a distance of at least 20 feet 2 


Tonic receptors 

a. are fast-adapting 

b donot fire continuously to a sustained 
stimulus 

C produce action potentials at a greater 
frequency as the generator potential is 
increased 

d_ all of the above apply 


a the ciliary muscles are relaxed 

b. the suspensory ligament is taut. 

c. the lens Is in its least convex shape 
d. all of the above apply 


Describe the nature of the generator 
potential and explain how it relates to 
Stimulus intensity and to frequency of 
action potential production. 
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3. Draw a muscle spindle within a muscle 5. Diagram the ear and label the structures 9. Describe the effects of light on the 


and show the sensory and motor of the outer, middle, and inner ear. photoreceptors and explain how the 

innervations Explain the steps involved in 6. Trace a sound wave through the effects influence the bipolar cells 

a knee-jerk reflex and then compare the structures of the ear and explain how the 10. Explain why images that fall on the | 

functions of alpha and gamma mechanism of hearing works. centralis are Seen more Clearly than 

motoneurons. 7. Explain the mechanism by which images that fall on the periphery of | 
4. Diagram the structure of the eyeball and equilibrium is maintained and the role retina. Why are the “corners of the « 

label the sclera, cornea, choroid, macula played by the two kinds of receptor more sensitive to light than the fove: 

lutea, ciliary body, suspensory ligament, information 

lens, iris, pupil, retina, optic disc, and 8. Define accommodation and explain how it 

fovea centralis. is accomplished. Why is it more of a 


strain on the eyes to look at a small object 
that is close to the eyes than at large 
distant objects? 


Chapter Eighteen 


(512) 
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[ chapter nineteen | 


: Endocrine Glands and Hormones S14 


: Chemical Classification of Hormones 

: Prohormones and Prehormones 

: Common Aspects of Neural and Endocrine Regulation 
: Hormone Interactions 


: Pituitary Gland 419 

: Structure of the Pituitary Gland 

: Pituitary Hormones 

? Hypothalamic Control of the Neurohypophysis 
: Hypothalamic Control of the Adenohypophysis 
: Feedback Control of the Adenohypophysis 

: Higher Brain Function and Pituitary Secretion 
: Development of the Pituitary Gland 


Adrenal Glands Seb 


: Structure of the Adrenal Glands 
: Functions of the Adrenal Cortex 
: Functions of the Adrenal Medulla 


= Thyroid and Parathyroid Glands $e8 


: Structure of the Thycoid Gland 
: Production and Action of Thyroid@Hormones 
: Parathyroid Glands 


® Describe the nature of endocrine glands and the chemical 
classification of hormones. 

© Explain how hormones may act as neurotransmitters and 
describe the interactions thal can occur between different 
hormones. 

© Describe the structure of the pituitary gland and identify the 
hormones of the adenohypophysis and neurohypophysis. 

© Describe the actions of the anterior pituitary hormones. 

© Explain how the secretions of the posterior pituitary and 
anterior pituitary are regulated by the hypothalamus. 

© Explain how the secretions of the hypothalamus and 
anterior pituitary are regulated by negative feedback 
inhibition. 

© Relate the embryonic origin of the adrenal medulla to the 
hormones it secretes and the regulation of its secretions. 

© State the different categories of corticosteriods and the part 
of the adrenal cortex thal secretes each. Explain how the 
secretion of these hormones is regulated. 

© Explain how the secretions of the adrenal cortex are related 
fo stress. 


Pancreas and Other Endocrine Glands a0 
Pancreatic Islets (Islets of Langerhans) 

Pineal Gland 

Thymus 

Gastrointestinal Tract 

Gonads and Placenta 


Mechanisms of Hormone Action 534 


Mechanisms of Steroid and Thyroid Hormone Action 

Mechanisms of Catecholamine and Polypeptide 
Hormone Action 

Effects of Hormone Concentrations on Tissue Response 


futocrine and Paracrine Regulations 540 


Examples of Autocrine Regulation 


Clinical Considerations 42 
Chapter Summary 545 


NEXUS 546 


Review Activities 547 
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¢ Describe the structure of the thyroid, the formation of 
thyroxine and triiodothyronine, and the regulation of 
thyroid function. 

¢ Describe the location of the parathyroid glands and discuss 
their significance. 

¢ Describe the structure of the pancreatic islets and the 
actions of insulin and glucagon. 

© Describe the location and endocrine function of the pineal 
and thymus glands. 

© Identify the hormones of the gonads and placenta. 

¢ Describe the mechanism of action of steroid hormones and 
thyroxine. 

* Describe the mechanism of action of hormones that use 
cAMP as a second messenger and explain how Cat can act 
a8 a second messenger. 

¢ Discuss the concept of prehormones and the influence of 
hormone concentration on tissue responsiveness. 

¢ Explain why regulation by prostaglandins is called 
autocrine rather than endocrine. 

© Describe the effects of different prostaglandins and explain 
how nonsteroidal anti-inflammatory drugs work. 
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Eniocrine Glands and Hormones 


Hormones are regulatory molecules secreted into the blood by endocrine 
glands. Categories of hormones include steroids, catecholammes, and 
polypeptides. Interactions among the various honnones produce effects 
described as synergistic, permissive, or antagonistic. 


In contrast to exocrine glands whose secretions are trans- 
ported through ducts to their respective destinations, en- 
docrine glands are ductless. The endocrine glands secrete 
biologically active chemicals called hormones directly into 
the blood. Many endocrine glands are discrete organs (fig. 
19.1) whose primary functions are the production and se- 
cretion of hormones. The pancreas functions as both an ex- 
ocrine and an endocrine gland; the endocrine portion of 
the pancreas is composed of microscopic structures called 
the pancreatic islets, or islets of Langerhans (fig. 19.16). 
The concept of the endocrine system, however, must be ex- 
tended beyond these organs. In recent years, it has been 
discovered that many other organs in the body secrete hor- 
mones. When these hormones can be demonstrated to have 
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endocrine: Gk. endon, within; krinein, to separate 
hormone: Gk. hormon, to set in motion 


FIGURE 19.1 

(a) The anatomy of some 
of the endocrine glands. 
(b) A pancreatic islet 


Pituitary 


within the pancreas. gland 


Thyroid 
gland 


Adrenal 
giana 
Pancreas 


Testis 


@® : 


int physiological functions, the organs that produce 


significé 
egorized as endocrine glands, although they 


them may be cat 
serve other functions as well. A partial list of the endocrine 


glands (table 19.1) should thus include the heart, liver, hy- 


pothalamus, and kidneys. 

Hormones affect the metabolism of their target organs 
and, by this means, help regulate ( 1) total body metabolism, 
(2) growth, and (3) reproduction. The effects of hormones 
on body metabolism and growth are discussed in chapter 27; 
the regulation of reproductive functions by hormones ts in- 


cluded in chapters 28, 29, and 30. 


Chemical Classification of Hormones 


Hormones secreted by different endocrine glands vary with 
respect to chemical structure. All hormones, however, can be 
grouped into three broad chemical categories: (1) cate- 
cholamines (epinephrine and norepinephrine); (2) polypep- 
tides and glycoproteins, including shorter chain polypeptides 
such as antidiuretic hormone and insulin and large glyco- 
proteins such as thyroid-stimulating hormone (table 19.2); 
and (3) steroids, such as cortisol and testosterone. 

Steroid hormones, which are derived from cholesterol 
(fig. 19.2), are lipids and thus are not water-soluble. The 
gonads—testes and oyaries—secrete sex steroids; the adrenal 
cortex secretes corticosteroids, including cortisol and aldos- 
terone among others. 


Pineal gland 


Hypothalamus 


a 
— 
‘ - 
wf 


o 'F, 


Pancreatic 


oe 
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Table 19] A partial list of the endocrine glands 


Endocrine gland Major hormones Primary target organs Primary effects 
rn | 


Adrenal cortex 


Adrenal medulla 
Heart 
Hypothalamus 


Small intestine 


Pancreatic islets 


Kidneys 
Liver 
Ovaries 


Parathyroid glands 
Pineal gland 


Pituitary, anterior 


Pituitary, posterior 


Skin 
Stomach 
Testes 


Thymus 
Thyroid gland 


Glucocorticoids 
Aldosterone 


Epinephrine 
Atrial natriuretic hormone 


Releasing and inhibiting 
hormones 


Secretin and cholecystokinin 


Insulin 
Glucagon 


Erythropoietin 
Somatomedins 
Estradiol-17B and progesterone 


Parathyroid hormone 
Melatonin 


Trophic hormones 


Antidiuretic hormone 
Oxytocin 


1,25-Dihydroxyvitamin D3 
Gastrin 
Testosterone 


Thymosin 


Thyroxine (T,) and 
triiodothyronine (T3) 


Liver, muscles 
Kidneys 


Heart, bronchioles, blood vessels 
Kidneys 
Anterior pituitary 


Stomach, liver, and pancreas 


Many organs 
Liver and adipose tissue 


Bone marrow 
Cartilage 


Female reproductive tract and 
mammary glands 


Bone, small intestine, and kidneys 
Hypothalamus and anterior pituitary 


Endocrine glands and other organs 


Kidneys, blood vessels 
Uterus, mammary glands 


Small intestine 
Stomach 


Prostate, seminal vesicles, 
other organs 


Lymph nodes 
Most organs 


Glucocorticoids influence glucose 
metabolism; aldosterone promotes 
Na* retention, K* excretion 


Causes adrenergic stimulation 
Promotes excretion of Na* in the urine 


Regulates secretion of anterior pituitary 
hormones 


Inhibits gastric motility and stimulate bile 
and pancreatic juice secretion 


Insulin promotes cellular uptake of glucose 
and formation of glycogen and fat; 
glucagon stimulates hydrolysis of 
glycogen and fat 


Stimulates red blood cell production 
Stimulates cell division and growth 


Maintains structure of reproductive tract and 
promotes secondary sex characteristics 


Increases Ca** concentration in blood 


Affects secretion of gonadotrophic 
hormones 

Stimulates growth and development of 
target organs, stimulates secretion of 
other hormones 

Antidiuretic hormone promotes water 
retention and vasoconstriction; oxytocin 
stimulates contraction of uterus and 
Mammary secretory units 


Stimulates absorption of Ca** 
Stimulates acid secretion 
Stimulates secondary sexual development 


Stimulates white blood cell production 


Promotes growth and development and 
Stimulates basal rate of cell respiration 
(basal metabolic rate or BMR) 
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8 amino acids 
8 amino acids 


21 and 30 amino acids 
(double chain) 


29 amino acids 


Table 1.0 Some examples of polypeptide and glycoprotein hormones 


a Cells in pancreatic islets 


7 rimary effects 
se zs = 


Posterior pituitary 


Posterior pituitary 
B cells in pancreatic islets Cellular glucose uptake, lipogenesis, a id 


Uterine and mammary contraction 


glycogenesis 
Hydrolysis of stored glycogen and fat — 


Anterior pituitary 


Each of the two major thyroid hormones is composed 
of two derivatives of the amino acid tyrosine bonded together, 
and both of these hormones contain iodine, as shown in fig- 
ure 19.3. When the hormone contains four iodine atoms, it is 
called tetraioduthyronine (Ty), or thyroxine, when it contains 
three atoms of iodine, it is called triiodothyronine (T3). Al- 
though these hormones are not steroids, they are like steroids 
in that they are relatively small, nonpolar molecules. Steroid 


and thyroid hormones are active when taken orally (as a pill). 


Sex steroids are administered as contraceptive pills and thyroid 
hormone pills are taken by people whose thyroid is deficient 
(who are hypothyroid). Other types of hormones cannot be 
taken orally because they would be digested into inactive frag- 
ments before being absorbed into the blood. 


Prohormones and Prehormones 


Hormone molecules that affect the metabolism of target 
cells are often derived from less active “parent,” or precursor, 
molecules. In the case of polypeptide hormones, the precur- 
sor may be a longer chained prohormone that is cut and 
spliced together to make the hormone. Insulin, for exam- 
ple, is produced from proinsulin within the endocrine heta 
cells of the pancreatic islets. Moreover, the prohormone it- 
self may be derived from an even larger precursor molecule; 
in the case of insulin, this molecule is called pre-promsulin, 
The term prehormone iy commonly used to indicate such pre- 
cursors of prohormones. 

In some cases, the molecules secreted by the endocrine 
gland (and considered to be the hormone of that gland) are 
actually mactive in the target cells. In order to become ac- 
tive, the target cells must modity the chemical structure of 
the secreted hormone. Thyroxine (Ty), for example, must 
be changed into Ts within the target cells to attect the me- 
tabolism of the target cells. Similarly, testosterone (secreted 
by the testes) and vitamin 1); (secreted by the skin) are con- 


@ 
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verted into more active molecules within their target cells 

(table 19.3). In this text, we will use the term prehormone 
“to designate those molecules secreted by an endocrine gland 
that are inactive until they are converted by their target 
‘cells into the active forms. 


Common Aspects of Neural and Endocrine Regulation 


One might conclude that since endocrine regulation is 
chemical in nature, it therefore is fundamentally different 
from neural control systems. This assumption is incorrect. 
As described in chapter 14, nerve impulses are chemical 
events produced by the diffusion of ions through the neu- 
ron cell membrane. Interestingly, the action of some hor- 
mones (such as insulin) is accompanied by ion diffusion and 
electrical changes in the target cells, so changes in mem- 
brane potential are not unique to the nervous system. Also, 
most neurons stimulate the cells they innervate through the 
release of a chemical neurotransmitter. Neurotransmitters 
do not travel in the blood as do hormones; instead, they dif- 
fuse only a very short distance across a synapse. In other re- 
spects, however, the actions of neurotransmitters and 
hormones are very similar. 

Indeed, many polypeptide hormones, including those 
secreted hy the pituitary gland and by the gastrointestinal 
tract, have been discovered in the brain. In certain loca- 
tions in the brain, some of these compounds are produced 
and secreted as hormones. In other brain locations, some of 
these compounds apparently serve as neurotransmitters. The 
discovery of some of these polypeptides in unicellular or 
ganisms, Which of course lack a nervous and endocrine sys- 
tem, suggests that these regulatory molecules appeared early 
in evolution and were incorporated into the function of ner 
vous and endocrine tissue as these systems evolved. 

Regardless of whether a particular chemical is acting 
as a Neurotransmitter or as a hormone, certain conditions 


c=0 
—+- 
yO we) 
Cholesterol Pregnenolone 
| an, 
c=0 
fe) 
Progesterone 
Secreted by ovaries E 
a 
CH,OH Pa fe) & 
@ 
C= & 
o 
ve) mn OH a 
ro 
ist) 
fe) 
° Androstenedione 
Cortisol (hydrocortisone) 
OH 


Secreted by adrenal cortex 


OH 
ee ae oO 
Testosterone 
Secreted by testes 


yo 
Estradiol - 178 
Secreted by ovaries 
FIGURE 19.2 
Simplified biosynthetic pathways for steroid hormones. Notice and that testosterone (the major androgen secreted by the testes) 
that progesterone (a hormone secreted by the ovanes) is a is a precursor in the formation of estradiol-17f, the mayor estrogen 
common precursor in the formation of all other steroid hormones secreted by the ovaries 
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must apply in order for it to function in physiological regu- 
lation: (1) target cells must have specific receptor proteins 
that combine with the chemical; (2) the combination of the 
regulator molecule with its receptor proteins must cause a 
specific sequence of changes in the target cells; and (3) there 
must be a mechanism to quickly turn off the action of the 
regulator. This mechanism, which involves rapid removal 
and/or chemical inactivation of the regulator molecules, ts 
essential because without an “off-switch,” physiological con- 
trol would be impossible. 


Hormone Interactions 


A given target tissue is usually responsive to a number of 
different hormones. These hormones may antagonize each 
other or work together to produce effects that are additive or 
complementary. The responsiveness of a target tissue toa 
particular hormone is thus affected not only by the concen- 
tration of that hormone, but also by the effects of other hor- 


Tniodothyronine (T,) 


FIGURE 19.3 


The thyroid hormones thyroxine (T,) and triiodothyronine (T;) are 
secreted ina ratio of 9:1. 


mones on that tissue. Terms used to describe hormone in- 
teractions include synergistic, permissive, and antagonistic. 


Synergistic and Permissive Effects Synergistic effects 
oecur when two or more hormones work together to pro- 
duce a particular result. These effects may be additive or com- 
plementary. The action of epinephrine and norepinephrine 
on the heart is a good example of an additive effect. Each 
of these hormones, acting alone, produces an increase in 
cardiac rate; acting together in the same concentrations, 
they stimulate an even greater increase in cardiac rate. The 


Synergistic action of FSH and testosterone is an example of 


a complementary effect; each hormone separately stimulates 
a different stage of spermatogenesis during puberty, so that 
both hormones together are needed at that time to com- 
plete sperm development. Likewise, the ability of mammary 
glands to produce and secrete milk requires the synergistic 
action of many hormones—estrogen, cortisol, prolactin, oxy- 
tocin, and others. 

A hormone is said to have a permissive effect on the 
action of a second hormone when it enhances the respon- 
siveness of a target organ to the second hormone or when 
it increases the activity of the second hormone. Prior expo- 
sure of the uterus to estrogen, for example, induces the for- 
mation of receptor proteins for progesterone, which improves 
the response of the uterus when it ts subsequently exposed to 
progesterone. Estrogen thus has a permissive effect on the 
responsiveness of the uterus to progesterone. Glucocort- 
coids (a class of corticosteroids including cortisol) exert 
permissive effects on the actions of catecholamines (ept- 
nephrine and norepinephrine). In the absence of these per- 
missive effects due to abnormally low glucocorticoids, the 

catecholamines will not be as effective as they are normally. 
One symptom of this condition may be an abnormally low 
blood pressure. 

Vitamin Dj is a prehormone that must first be con- 
verted by enzymes in the kidneys and liver, where two hy- 
droxyl (OH) groups are added to form the active hormone 
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L25-dihydroxyvitamin D;. This hormone helps to raise 
blood calcium levels. Parathyroid hormone (PTH) has a per- 
missive effect.on the actions of vitamin 1); because it stim- 
ulates the production of the hydroxylating enzymes in the 


kidneys and liver. By this means, an increased secretion of 


PTH has a permissive effect on the ability of vitamin D; to 
stimulate the intestinal absorption of calcium. 


Antagonistic Effects 


one hormone antagonize the effects of another. Lactation 
during pregnancy, for example, is prevented because the high 
concentration of estrogen in the blood inhibits the secre- 
tion and action of prolactin. Another example of antago- 
nism is the action of insulin and glucagon (two hormones 
from the pancreatic islets) on adipose tissue. The formation 
of fat is promoted by insulin, whereas glucagon promotes fat 


breakdown. 


Pituitary bland 


The pituitary gland is structurally and functionally divided mto the 
anterior pitiatary and the postertor pituitary. The postertor piaatary 
secretes hormones that are actually produced by the hypothalamus , 
whereas the anterior praatary produces and secretes its own hormones. 
The anterior pituitary ts under the control of the hypothalamus, 
however, by way of releasmg hormones secreted by the hypothalamus 
into a special system of blood vessels. Feedback mjluences from many 
glands usually act to mhibit the secretions of the anterior pituitary. 


Structure of the Pituitary bland 


The pituitary gland, or hypophysis (hi-pof T-sis), is located 
on the inferior aspect of the brain in the region of the di- 
encephalon, as described in chapter 15. It is a rounded, pea- 
shaped gland about 1.3 cm (0.5 in.) in diameter and is 
attached to the hypothalamus by a stalklike structure called 
the infundibulum (in “fun-dib ‘yit-hon) (fig. 19.4). The pitu- 
itary gland as structurally and functionally divided into an 
anterior lobe, or adenohypophysis (ad “n-o-he-pof ‘T-sis), and 
a posterior lobe called the neurohypophysis. 

The adenohypophysis consists of three parts: (1) the 
pars distalis is the rounded portion, and is the major en- 
docrine part of the gland; (2) the pars tuberalis is the thin 
extension in contact with the infundibulum; and (3) the 
pars intermedia 1s located hetween the anterior and poste- 


ror parts of the pituitary. 


PTTTTITITTITT TT 
pituitary L. pituita, phlegm (this gland was originally thought to secrete mucus Into 
the nasal cavity) 

infundibulum L infundibulum, a tunnel 

adenohypophysis Gk adeno, gland, hypo, under, physis, a growing 
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FIGURE 19.4 


The structure of the pituitary gland as seen in the sagittal view. 


The neurohypophysts is the neural part of the pituitary 
gland. It consists of the pars nervosa, which is in contact 
with the pars intermedia of the adenohypophysis, and the 
infundibulum. Nerve fibers extend through the infundibu- 
lum, along with small neuroglia-like cells called pituicytes 
(pt-too T-sitz). 


Pituitary Hormones 


The hormones secreted by the anterior pituitary (the pars 
distalis of the adenohypophysis) are called trophic hor- 
mones. The term trophic means “food.” Although the ante- 
rior pituitary hormones are not food for their target organs, 
this term ty used because high levels of the anterior pituitary 
hormones make their target organs hypertrophy, whereas 
low amounts cause their target organs to atrophy. In desig- 
nating the hormones of the anterior pituitary, therefore, 
“trophic” (conventionally shortened to tropic, meaning “at- 
tracted to”) is meorporated into the names. Also, the short- 
ened forms of the names for the anterior pituitary hormones 
end in the suffix -tropin, 


The hormones of the pars distalis (table 19.4) are as 
follows: 


] Growth hormone (GH, or somatotropin). This hormone 
promotes the movement of amino acids into tissue cells and the 


Incorpociion of these amino acids into tissue proteins, thus 
stumulating growth of organs. 


Endocrine System 


Chapter Nineteen 


| Table 19.4 Anterior pituitary hormones. 
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TSH (thyroid-stimulating 
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Thyroid gland 
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teinizing hormone) 


2 Thyroid-stimulating hormone (TSH, or thyrotropin). This 
hormone stimulates the thyroid gland to produce and secrete 
thyroxine (tetraiodothyronine, or T,). 


3 Adrenocorticotropic hormone (ACTH, or corticotropin). 
This hormone stimulates the adrenal cortex to secrete the 
glucocorticoids, such as hydrocortisone (cortisol). 


4 Follicle-stimulating hormone (FSH, or folliculotropin). This 
hormone stimulates the growth and secretion of ovarian follicles 
in females and the production of sperm in the testes of males. 


§ Luteinizing hormone (LH, or luteotropin). This hormone and 
FSH are collectively called gonadotropic (go-nad “6-trop ‘ik) 
hormones. In females, LH stimulates ovulation and the 
conversion of the ovulated ovarian follicle into an endocrine 
structure called a corpus luteum. In males, LH (which ts 
sometimes also called meerstitial-cell-stmulating hormone, or ICSH) 
stumulates the secretion of male sex hormones (mainly 
testosterone) from the interstitial cells in the testes. 


6 Prolactin. This hormone ts secreted in both males and females. 
Its best known function ty the scmulation of milk production by 
the mammary glands of women after parturition, Prolactin plays a 
supporting role in the regulation of the male reproductive system 
by the gonadotropins (FSH and LH) and acts on the kidneys to 
help regulate water and electrolyte balance 


The pars intermedia of the adenohypophysis in an 
adult human ts not well defined, and tts function, if any, is 
poorly understood. It produces different forms of melanocyte- 
stimulating hormone (MSH), which in lower vertebrates 
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| Stimulated by hormone 


Secretion of glucocorticoids 
Secretion of thyroid hormones 


Protein synthesis and growth, 
lipolysis and increased blood 
glucose 


Gamete production and sex 
steroid hormone secretion 


_ Regulation of secretion 


Stimulated by CRH (corticotropin- 
hormone); inhibited by glucocor: 


Stimulated by GnRH (gonadotropin- 
releasing hormone); inhibited by sex 
steroids 


(fish, amphibians, and reptiles) cause a darkening of the skin 
to provide camouflage against a dark background. This re- 
action involves a cell type that is absent in human skin. Al- 
though the exogenous administration of MSH to humans 
stimulates melanin pigment production in the melanocytes 
of skin, MSH does not appear to have this effect in normal 
physiology. It is interesting that ACTH, secreted from the 
pars distalis, contains the amino acid sequence of MSH as 
part of its structure, and abnormally high amounts of ACTH 
secretion (as in Addison's disease) cause a darkening of the 
skin. The pars intermedia also produces large amounts of B- 
endorphin (chapter 14), as do other structures, but the phys- 
iological significance of this is not understood. 

The posterior pituitary, or pars nervosa, secretes only 
two hormones, both of which are produced in the hypothal- 
amus and merely stored in the posterior lobe of the pituitary: 


l Antidiuretic (an “te-di“yit-ret ik) hormone (ADH, or 
vasopressin). Antidiuretic hormone stimulates the kidneys to 
retain water so that less water is excreted in the urine and more 
water is retained in the blood. This hormone also causes 
vasoconstriction in experimental animals, although the 
significance of this effect in humans is controversial 


2 Oxytocin. In females, oxytocin stimulates contractions of the 
uterus during labor and for thiy reason is needed for parturition 
(childbirth). Oxytocin also stimulates contractions of the 
mammary gland alveoli and ducts, which result in the milk- 
ejection reflex ina lactating woman. In men, a rise in oxytocin at 
the time of eyaculation has been measured, but the phystological 
significance of this hormone in males remains to be demonstrated. 
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FIGURE 19.5 


The posterior pituitary, or neurohypophysis, stores and secretes 
hormones (vasopressin and oxytocin) produced in neuron cell 
bodies within the supraoptic and paraventricular nuclei of the 
hypothalamus. These hormones are transported to the posterior 
pituitary by nerve fibers of the hypothalamo-hypophyseal tract. 


induce labor if the pregnancy is overdue or if the fetal 
membranes have ruptured and there is a danger of 
infection. Labor may also be induced by injections of 
oxytocin if there is pregnancy-induced hypertension 
(preeclampsia). Oxytocin is commonly administered after 
delivery, when, by stimulating contractions of the uterine 
muscle, it promotes the regression in the size of the uterus and 
squeezes the blood vessels, thus minimizing the danger of 
hemorrhage. 


\ Injections of oxytocin may be given toa woman to 


J] 


Aypothalamic Control of the Neurohypophysis 


Although the posterior pituitary (pars nervosa of the neuro- 
hypophysis) secretes two hormones—antidiuretic hormone 
(ADH) and oxytocin—these hormones are actually pro- 
duced in neuron cell bodies of the supraoptic nuclei and 
paraventricular nuclei of the hypothalamus. These nuclei 
within the hypothalamus are endocrine glands; the hor- 
mones they produce are transported along axons of the 
hypothalamo-hypophyseal tract (fig. 19.5) to the poste- 
rior pituitary, which stores and later releases these hor- 


mones. The posterior pituitary is thus more a storage organ 
than a true gland. 

The secretion of ADH and oxytocin from the posterior 
pituitary ts controlled by neuroendocrine reflexes. In nursing 
mothers, for example, the stimulus of sucking acts via sensory 
nerve impulses to the hypothalamus to stimulate the reflex 
secretion of oxytocin. The secretion of ADH is stimulated by 
Osmoreceptor neurons in the hypothalamus in response to a 
tise in blood osmotic pressure (chapter 5); its secretion ts in- 
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hibited by sensory impulses from stretch receptors in the heart 
in response to a rise in blood volume. These reflexes are dis- 
cussed in more detail in later chapters. 


Aypothalame Control of the Adenohypophysis 


At one time, the anterior pituitary was called the “master 
gland” because it secretes hormones that regulate some other 
endocrine glands (fig. 19.6 and table 19.4). Adrenocorti- 
cotropic hormone (ACTH), thyroid-stimulating hormone 
(TSH), and the gonadotropic hormones (FSH and LH) stim- 
ulate the adrenal cortex, thyroid, and gonads, respectively, to 
secrete their hormones. The anterior pituitary hormones 
also have a “trophic” effect on their target glands in that 
the structure and health of the target glands depend on ad- 
equate stimulation by anterior pituitary hormones. The an- 
terior pituitary, however, is not really the master gland, since 
secretion of its hormones is in turn controlled by hormones 
secreted by the hypothalamus. 


Releasing and Inhibiting Hormones Since axons do not 
enter the anterior pituitary, hypothalamic control of the an- 
terior pituitary is achieved through hormonal rather than 
neural regulation. Neurons in the hypothalamus produce re- 
leasing and inhibiting hormones that are transported to axon 
endings in the basal portion of the hypothalamus. This re- 
gion, known as the median eminence, contains blood cap- 
illaries that are drained by venules in the stalk of the pituitary. 

The venules that drain the median eminence deliver 
blood to a second capillary bed in the anterior pituitary. 
Since this second capillary bed receives venous blood from 
the first (is located “downstream” from the first), there is a 
vascular link between the median eminence and anterior 
pituitary. This infrequently occurring arrangement of blood 
vessels (two capillary beds in sertes) is described as a portal 
system (see chapter 21). The vascular link between the hy- 
pothalamus and the anterior pituitary is thus called the 
hypothalamo-hypophyseal portal system. 

Polypeptide hormones are secreted into the hypothal- 
amo-hypophyseal portal system by neurons of the hypo- 
thalamus. These hormones regulate the secretions of the 
anterior pituitary (fig. 19.7 and table 19.5). Thyrotropin- 
releasing hormone (TRH) stimulates the secretion of TSH; 
corticotropin-releasing hormone (CRH) stimulates the se- 
cretion of ACTH from the anterior pituitary. A single re- 
leasing hormone, gonadotropin-releasing hormone, or 
GnRH, appears to stimulate the secretion of both go- 
nadotropic hormones (FSH and LH) from the anterior pi- 
tuitary. The secretion of prolactin and of growth hormone 
from the anterior pituitary is regulated by hypothalamic in- 
hibitory hormones, known as PIH (prolactin-inhibiting hor- 
mone) and somatostatin, respectively. 

Recently, a specific growth hormone-releasing hor- 
mone (GHRH) that stimulates growth hormone secretion 
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FIGURE 19.6 
The hormones secreted by the antenor pituttary and the target 
organs for these hormones. 
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FIGURE 19.7 

Neurons in the hypothalamus secrete releasing hormones (shown as 
dots) into the blood vessels of the hypothalamo- hypophyseal portal 
system, These releasing hormones stimulate the anterior pituitary to 
secrete its hormones into the general circulation. 
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Hypothalamic hormones involved in the control of the anteri 


Stimulates secretion of 
adrenocorticotropic hormone (ACTH) 

Stimulates secretion of follicle- 
stimulating hormone (FSH) and 
luteinizing hormone (LH) 


Inhibits prolactin secretion 


Inhibits secretion of growth 
hormone 


has been identified as a polypeptide consisting of 44 
amino acids. Experiments suggest that a releasing 
hormone for prolactin may also exist, but no such 
specific releasing hormone has yet been discovered. 


dee  ceroay Feedback Control of the Adenohypophysis 


In view of its secretion of releasing and inhibiting 
hormones, the hypothalamus might be considered 
the “master gland.” The chain of command, how- 
ever, is not linear; the hypothalamus and anterior 
pituitary are controlled by the effects of their own 
actions. In the endocrine system, by way of analogy, 
the private takes orders from the general, but the 
general also takes orders from the private. The hy- 
pothalamus and anterior pituitary are not master 

* glands because their secretions are controlled by the 
target glands they regulate. 

Anterior pituitary secretion of ACTH, TSH, 
and the gonadotropins (FSH and LH) ts controlled 
by negative feedback inhibition from the target 
gland hormones. Secretion of ACTH is inhibited by 
a rise in corticosteroid secretion, for example, and 
TSH ts inhibited by a rise in the secretion of thy- 
roxine from the thyroid. These negative feedback 
relationships are easily demonstrated by removal of 
the target glands. Castration (surgical removal of 
the gonads), for example, produces a rise in the se- 
cretion of FSH and LH. In a similar manner, removal 
of the adrenals or the thyroid results in an abnor- 
mal increase in ACTH or TSH secretion from the 
anterior pituitary. 


or pituitary 


Stimulates secretions of adrenal 
cortex 


Stimulates gonads to produce 
gametes (sperm and ova) and 
secretes Sex steroids 


Stimulates production of milk in 
mammary glands 


Stimulates anabolism and growth in 
many organs 
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FIGURE 19.8 

The secretion of thyroxine from the thyroid is stimulated by the 
thyroid-stimulating hormone (TSH) from the anterior pituitary. 
The secretion of TSH 1s stimulated by the thyrotropin-releasing 
hormone (TRH) secreted from the hypothalamus into the 
hypothalamo-hypophyseal portal system. This stimulation is 
balanced by the negative feedback inhibition of thyroxine, which 
decreases the responsiveness of the anterior pituitary to 
stimulation by TRH. 


Thyroxine 


The effects of removing the target glands demonstrate 
that, under normal conditions, these glands exert an in- 
hibitory effect on the anterior pituitary. This inhibitory ef- 
fect can occur at either of two levels: (1) the target gland 
hormones can act on the hypothalamus and inhibit the se- 
cretion of releasing hormones or (2) the target gland hor- 
mones can act on the anterior pituitary and inhibit its 
response to the releasing hormones. Thyroxine, for exam- 
ple, appears to inhibit the response of the anterior pituitary 
to TRH and thus acts to reduce TSH secretion (fig. 19.8). 
Sex steroids, by contrast, reduce the secretion of go- 
nadotropins by inhibiting both GnRH secretion and the 
ability of the anterior pituitary to respond to stimulation by 
GnRH (fig. 19.9). 

In addition to negative feedback control of the anterior 
pituitary, there is an example of a hormone from a target 
organ whose action actually stimulates the secretion of an 
anterior pituitary hormone. Toward the middle of the men- 
strual cycle, the rising secretion of estradiol from the ovaries 
stimulates the anterior pituitary to secrete a “surge” of LH, 
which results in ovulation. This effect is commonly referred 
to as a positive feedback to distinguish it from the more usual 
negative feedback inhibition of target gland hormones on 
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Negative feedback control of gonadotropin secretion. 


anterior pituitary secretion. Interestingly, higher levels of 
estradiol ata later stage of the menstrual cycle exert the op- 
posite effect—negative feedback inhibition—on LH secre- 
tion. The control of gonadotropin secretion is discussed in 
more detail in chapter 29. 


Higher Brain Function and Pituitary Secretion 


The relationship between the anterior pituitary and a par- 
ticular target gland is described as an axis. The pituitary: 
gonad axis, for example, refers to the action of gonadotropic 
hormones on the testes and ovaries. This axis is stimulated 
by GnRH from the hypothalamus, as previously described. 
Since the hypothalamus receives neural input from “higher 
brain centers” (chapter 15), however, it is not surprising that 
the pituitary-gonad axis can be affected by emotions. In- 
deed, alteration of the timing of ovulation or of menstruation 
as a result of intense emotions is well known. Psychological 
stress also stimulates the pituitary-adrenal axis, as we will 
now describe. 

The effect of stress on the pituitary-adrenal axis ts an- 
other prime example of the influence of higher brain centers 
on pituitary function. Stressors, as described later in the 
chapter, produce an increase in CRH secretion from the hy- 
pothalamus, which in turn results in elevated ACTH and 
corticosteroid secretion. In addition, the influence of higher 
brain centers produces circadian (“about a day”) rhythms 10 
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The structure of the adrenal gland showing the three zones of the 


adrenal cortex. 


the secretion of many anterior pituitary hormones. The se- 
cretion of growth hormone, for example, is highest during 
sleep and decreases during wakefulness, although its secre- 
tion is also stimulated by the absorption of particular amino 


acids following a meal. 


“. The influences of higher brain centers on the 
pituitary-gonad axis help to explain the so-called 
dormitory effect—that is, a tendency for the menstrual 
cycles of female roommates to synchronize. This 

synchronization will not occur in a new roommate if her nasal 
cavity is plugged with cotton, suggesting that the dormitory 
effect is due to the action of pheromones. Pheromones are 
chemicals excreted by an individual that act through the 
olfactory sense and modify the physiology or behavior of 
another member of the same species. Pheromones are 
important regulatory molecules in the unne vaginal fluid, 


Connective tissue 


Adrenal cortex 


Adrenal medulla 


and other secretions of most mammals, and help to 
regulate their reproductive cycles and behavior. 
Although pheromones have a more limited function in 
human physiology and behavior, their significance is 
difficult to assess because of our frequent cleansing, 
use of deodorants, and applications of artificial scents. 


Adrenal Glands 


The adrenal cortex and adrenal medulla are structurally and 
functionally different. The adrenal medulla secretes 
catecholamine hormones that complement the sympathetc 
division of the ANS in the fight-or-flight reaction. The adrenal 
cortex secretes steroid hormones that participate m the regulation 
of mineral balance, energy balance, and reproductive function 


Structure of the Adrenal blands 


The adrenal glands (also called suprarenal glands) are 
paired organs that cap the superior borders of the kid- 
neys (fig. 19.10). Each adrenal gland consists of an 
outer adrenal cortex and inner adrenal medulla that 
function as separate glands. The differences in func- 
tion of the adrenal cortex and adrenal medulla are re- 
lated to their different embryonic derivations. The 
adrenal medulla is derived from embryonic neural crest 
ectoderm (the same tissue that produces the sympa- 

ic ganglia), whereas the adrenal cortex is derived 
from embryonic mesoderm. 

As a consequence of its embryonic derivation, 
the adrenal medulla secretes catecholamine hormones 
(mainly_epinephrine, with lesser amounts of norepi- 
nephrine) into the blood in response to stimulation 
by preganglionic sympathetic nerve fibers. The adrenal 
cortex does not receive neural innervation; therefore, it must 
be stimulated hormonally (by ACTH secreted from the an- 
terior pituitary). 

The adrenal cortex makes up the bulk of the adrenal 
gland and is histologically subdivided into three zones: an 
outer zona glomerulosa (glo-mer “yoo-lo‘sa), an intermedi- 
ate zona fasciculata (fa-sik “yoo-la ta), and an inner zona 
reticularis. The adrenal medulla is composed of tightly 
packed clusters of chromaffin (kro-maf‘in) cells. 


Functions of the Adrenal Cortex 


The adrenal cortex secretes steroid hormones called corti- 
costeroids (kor “t!-ko-ster oidz), or corticoids, for short. There 
are three functional categories of corticosteroids: (1) min- 
eralocorticoids, which regulate Na* and K* balance (by act- 
ing on the kidneys); (2) glucocorticoids, which revulate the 
metabolism of glucose and other organic molecules; and 
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FIGURE 19.11 

Simplified pathways for the synthesis of steroid hormones in the 
adrenal cortex. The adrenal cortex produces steroids that 
regulate Na’ and K’ balance (mineralocorticoids), steroids that 


(3) sex steroids, which are weak androgens (and lesser 
amounts of estrogens) that supplement the sex steroids se- 
creted by the gonads. These hormones are secreted by the 
different zones of the adrenal cortex. 

Aldosterone is the most potent mineralocorticoid. The 
mineralocorticoids are produced in the zona glomerulosa 
(fig. 19.11). The predominant glucocorticoid in humans is 
cortisol (hydrocortisone), which is secreted by the zona fas- 
ciculata and perhaps also by the zona reticularis. The secre- 
tion of cortisol by the zona fasciculata is stimulated by 
ACTH (fig. 19.12). The secretion of aldosterone ts con- 
trolled by other mechanisms related to blood volume and 
electrolyte balance (see chapter 22). 


Stress and the Adrenal Gland In 1936, a Canadian phys- 
iologist, Hans Selye, discovered that injections of a cattle 
ovary extract into rats (1) stimulated growth of the adrenal 
cortex; (2) caused atrophy of the lymphoid tissue of the 
spleen, lymph nodes, and thymus; and (3) produced bleed- 
ing peptic ulcers. At first Selye thoughe that the ovarian ex- 
tracts contained a specific hormone that caused these effects. 
He later discovered that injections of a variety of substances, 
including foreign chemicals such as formaldehyde, could 
produce the same effects. Indeed, the same pattern occurred 
when he subjected rats to cold environments or when he 
dropped them into water and made them swim until they 
were exhausted. 

The specific pattern of effects produced by these pro- 
cedures suggested that these effects were the result of some- 
thing that the procedures had in common. Selye reasoned 
that all of the procedures were stressful. Stress, according to 
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regulate glucose balance (glucocorticoids), and small amounts of 
sex steroid hormones. 


Nonspecific stress 


o) 


Hypothalamus 


{ Cortisol = 


=! ACTH 


FIGURE 19.12 


The activation of the pituitary-adrenal axis by nonspecific stress. 


Selye, is the reaction of an organism to stimul: called stres- 
sors, which may produce damaging effects. The pattern of 
changes he observed represented a specific response to any 
stressful agent. He later discovered that stressors produce 
these effects because they stimulate the pituitaryadrenal axis. 
Under stressful conditions, there is increased secretion of 
ACTH trom the anterior pituitary and thus there is increased 
secretion of glucocorticoids from the adrenal cortex. 

On this basis, Selye has stated that there 1s “a non- 
specific response of the body to readjust itself following any 
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Table 19.6 Comparison of adrenal 
medullary hormones 


Norepinephrine 


Elevates blood pressure 
because of generalized — 
vasoconstriction y 


Similar effect but to a lesser 
degree 


Similar effect but to a 
degree 


Similar effect but toa 
degree of 


r contraction 


rate of glycogen 
own into glucose, so 
1 of blood glucose rises 
rate of fatty acid Similar effect but to 4 
df degree 


demand made upon it.” A rise in the plasma glucocorticoid 
levels results from the demands of the stressors. Selye termed 
this nonspecific response the general adaptation syndrome 
(GAS). Stress, in other words, produces GAS. There are 
three stages in the response to stress: (1) the alarm reaction, 
when the adrenal glands are activated; (2) the stage of re- 
sistance, in which readjustment occurs; and (3) if the read- 
justment is not complete, the stage of exhaustion may follow, 
leading to sickness and possibly death. 

Selye's concept of stress has been refined by subsequent 
research. These investigations demonstrate that the sympa- 
thoadrenal system becomes activated, with increased secre- 
tion of epinephrine and norepinephrine, in response to 
stressors that challenge the organism to respond physically. 
This ts the “fight or flight” reaction described in chapter 18. 
Different emotions, however, are accompanied by different 
endocrine responses. The pituitary-adrenal axis, with rising 
levels of glucocorticoids, becomes more active when the 
stress is more of a chronic nature and the person feels less 


in control and is more passive. 


Functions of the Adrenal Medulla 


The chromaffin cells of the adrenal medulla produce epi- 


nephrine and norepinephrine in an approximate ratio of 
4:1, respectively. These hormones are classified as amines 


28) 
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(more specifically, as catecholamines) and are derived 


from the amino acid tyrosine. 
The effects of these hormones are similar to those pro- 


duced by stimulation of the sympathetic nervous system, ex- 
cept that the hormonal effects last about LO tumes longer, 
The hormones from the adrenal medulla increase cardiac 
output and heart rate, dilate coronary blood vessels, enhance 
mental alertness, increase the respiratory rate, and elevate 
the metabolic rate. The effects of epinephrine and norepi- 
nephrine are compared in table 19.6. 

The adrenal medulla is innervated by sympathetic 
nerve fibers. Many stressors, therefore, activate the adrenal 
medulla as well as the adrenal cortex. Activation of the 
adrenal medulla together with the sympathetic nervous sys- 
tem prepares the body for greater physical performance— 


* the fight-or-flight response. 


= Glucocorticoids, such as hydrocortisone, can inhibit 
the immune system. Indeed, these steroids are often 
given medically for this reason to treat various 
inflammatory diseases and to suppress the immune 
rejection of a transplanted organ. It seems reasonable, 
therefore, that the elevated glucocorticoid secretion that can 
accompany stress may inhibit the ability of the immune 
system to protect against disease. Indeed, studies show that 
prolonged stress results in an increased incidence of cancer 


and other diseases. 


Thyroid and Parat 


The thyroid gland secretes thyroxine (T4) and triiodothyronine (T;). 
These hormones are essential for proper growth and development and 
are responsible for determing the basal metabolic rate (BMR). The 
parathyroid glands secrete parathyroid hormone, which helps to raise the 
blood calcium concentration. 


structure of the Thyroid bland 


The thyroid gland is located just inferior to the larynx 
(fig. 19.13). This gland consists of two lobes positioned 
on either lateral side of the trachea that are connected 
anteriorly by a medial tissue mass called the isthmus. The 
thyroid is the largest of the endocrine glands, weighing 
between 20 and 25 g. 

On a microscopic level, the thyroid gland consists of 
many spherical hollow sacs called thyroid follicles (fig. 
19.14). These follicles are lined with a simple cuboidal ep- 
ithelium composed of follicle cells that synthesize the prin- 
cipal thyroid hormones. The interior of the follicles contains 
colloid, a protein-rich fluid. Between the follicles are ep- 
thelial cells called parafollicular cells; these cells produce 
a hormone called calettonin (or thyrocalcitonin). 
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Production and Action of Thyroid Hormones 
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FIGURE 19.13 

The thyroid gland. (a) Its relationship to the larynx 
and trachea. (b) A scan of the thyroid gland 24 hours 
after the intake of radioactive iodine. 


Within the follicle cells, enzymes modify the structure of 
MIT and DIT and couple them together (fig. 19.15). When 
two DIT molecules that are appropriately modified are coupled 
together, a molecule of tetraiodothyronine (tet “‘ra-t-v “do- 
thi‘ro-nén)—Ty, or thyroxine—is produced. The combina- 
tion of one MIT with one DIT forms triiodothyronine 
(tri “1-0 “do-thi v-nén), or T3. Note that within the colloid, 
T, and T3 are sull attached to thyroglobulin. Upon stumula- 
tion by TSH, the cells of the follicle take up a small volume of 
colloid by pinocytosis, hydrolyze the Ts and Ty from the thy- 
roglobulin, and secrete the free hormones into the blood. 

Most of the thyroid hormone molecules that enter the 
blood become atrached to plasma carrer proteins. Only the 
very small percentage of thyroxine that ty tree in the plasma 
can enter the target cells, where itas converted to tri- 
iodothyronine and attached to nuclear receptor proteins, as 
described earlier in this chapter. Through the activation of 
genes, thyroid hormones stimulate protein synthesis, pro- 
mote maturation of the nervous system, and increase the 
rate of energy utilization by the body. 

The development of the central nervous system ts par- 
ticularly dependent on thyroid hormones, and a deficiency 
of these hormones during development can cause serious 
mental retardation. The basal metabolic rate (BMR)—which 
is the minimum rate of caloric expenditure by the body—is 
determined larvely by the level of thyroid hormones in the 
hlood. The phystological functions of thyroid hormones are 
deserbed in more detail in chapter 27. 
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FIGURE 19.15 

Stages in the formation and secretion of thyroid hormones. lodide 
is actively accumulated by the follicular cells. In the colloid it is 
converted into iodine and attached to tyrosine amino acids within 


= Thyroid-stimulating hormone (TSH) from the antenor 
pituitary stimulates the thyroid to secrete thyroxine and 
exerts a trophic effect on the thyroid gland. This trophic 
effect shows up dramatically in people who develop an 
todine-deficiency (endemic) goiter (see fig. 19 26). In the 
absence of sufficient dietary 1odine, the thyroid cannot produce 
adequate amounts of Ty and T; The resulting lack of negative 
feedback inhibition causes abnormally high levels of TSH 
secretion, which in turn stimulates the abnormal growth of the 
thyroid (a goiter). These events are summarized in figure 19.16. 


Parathyroid blands 


The small, flattened parathyroid glands are embedded in the 
posterior surfaces of the lateral lobes of the thyroid gland (see 
fig. 19.17). There are usually tour parathyroid glands: a supe- 
nor and an inferior pair. Each parathyroid gland tsa small, 
yellowish-brown body 3 to 8 mm (0.1 0.0.3 in.) long, 2 to 5 
mm (0.07 to 0.2 in.) wide, and about 1.5 mm (0.05 in.) deep. 


4 Peroxidas 


the thyroglobulin protein. Pinocytosis of iodinated thyroglobulin, 
coupling of MIT and DIT, and the release of thyroid hormones are 
stimulated by TSH from the anterior pituitary. 


The parathyroid glands secrete one hormone called 
parathyroid hormone (PTH). This hormone promotes 2 
rise in blood calcium levels by acting on the bones, kidneys. 
and small intestine (fig. 19.18). Regulation of calcium bal- 
ance is described in more detail in chapter 26. 


Glands 


The pancreatic islets secrete two hormones, insulin and glucagon 
Insulin promotes the lowermeg of blood glucose and the storage of eneTgy 
in the form of glycogen and fat’ Glucagon exerts an antagonistic effect 
by raising the blood ghicose Concentration Additionally, many other 
organs secrete hormones that help to regulate digestion, metabolism, 
growth, onmune function, and reproduction. 
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Lack of adequate iodine in the diet interferes with the negative 
feedback control of TSH secretion, resulting in the formation of an 
endemic goiter. 


The pancreas is both an endocrine and an exocrine gland. 


The gross structure of this gland and its exocrine functions 


in digestion are described in chapter 17. The endocrine por- 
tion of the pancreas ¢ 


called the pancreatic islets (islets of I 
most common in the body and tail 


onsists of scattered clusters of cells 
cangerhans). These 


endocrine structures are 
of the pancreas (fig. 19.19). 


Pancreatic Islets (islets of langerhans/ 


ost conspicuous cells in the 


On a microscopic level, the m 
Ils secrete the 


islets are the alpha and beta cells. The alpha ce net 
hormone glucagon, and the beta cells secrete insulin. 
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The achons of parathyroid hormone and the negative feedback 
contral of its secretion. An increased level of parathyroid 
hormone causes the bones to release calc1um and the kidneys to 
conserve calcium that is lost through the urine. 
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Alpha cells secrete glucagon in response to a fall in 
the blood glucose concentrations. Glucagon stimulates the 
liver to hydrolyze glycogen to glucose (glycogenolysis), which 
causes the blood glucose level to rise. This effect represents 
the completion of a negative feedback loop. Glucagon also 
stimulates the hydrolysis of stored fat (lipolysis) and the con- 
sequent release of free fatty acids into the blood. This effect 
helps to provide energy substrates for the body during fasting, 
when blood glucose levels fall. Glucagon, together with 
other hormones, also stimulates the conversion of fatty acids 
to ketone bodies, which can be secreted by the liver into 
the blood and serve as an energy source for many organs. 
Glucagon is thus a hormone that helps to maintain homeo- 
stasis during times of fasting, when the body's energy 
reserves must be utilized. 

Beta cells secrete insulin in response to a rise in the 
blood glucose concentrations. Insulin promotes the entry of 
glucose into tissue cells, and the conversion of this glucose 
into energy storage molecules of glycogen and fat. Insulin 
also aids the entry of amine acids into cells and the produc- 
tion of cellular protein. The actions of insulin and glucagon 
are thus antagonistic. After a meal, insulin secretion is in- 
creased and glucagon secretion is decreased; fasting, by con- 
trast, causes a rise in glucagon and a decline in insulin 
secreuon. The metabolic effects of insulin and glucagon are 
discussed in more derail in chapter 27. 
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Pineal bland 


The small, cone-shaped pineal gland is located in the roof of 
the third ventricle, near the corpora quadrigemina, where 
it is encapsulated by the meninges covering the brain. The 
pineal gland of a child weighs about 0.2 g and is 5 to 8mm 
(0.2 to 0.3 in.) long and 9 mm wide. The gland begins to 
regress in size at about age 7, and in the adult appears as a 
thickened strand of fibrous tissue. Although the pineal gland 
lacks direct nervous connections to the rest of the brain, it 
is highly innervated by sympathetic nerve fibers from the 
superior cervical ganglion. 


©) The principal hormone of the pineal gland is mela- 


tonin. Production and secretion of this hormone is stim- 
ulated by activity of the suprachiasmatic nucleus (SCN) in 
the hypothalamus of the brain via activation of sympa- 
thetic neurons to the pineal gland. Activity of the SCN, 
and thus secretion of melatonin, is highest at night. During 
the day, neural pathways from the retina of the eyes de- 
press the activity of the SCN, reducing sympathetic stim- 
ulation of the pineal gland and thus decreasing melatonin 
secretion. 


pineal. L. pinea, pine cone 


- Since cycles of light and dark directly influence the 
levels of melatonin secretion, other daily (circadian) 
thythms of the body may be the result of the ebb and 
flow of melatonin. Derangements of such cycles (in 

jet-lag, for example) have been tentatively ascnbed to the 
effects of melatonin. Also, phototherapy used in the treatment 
of seasonal affective disorder (SAD), or “winter depression,” 


might be effective because such treatment inhibits melatonin 
secretion. 


It has long been suspected that melatonin inhibits the 
pituitary-gonad axis. Indeed, a decrease in melatonin secre- 
tion in many lower vertebrates is responsible for maturation 


of the gonads during their reproductive season. Excessive/ 


melatonin secretion in humans ts associated with a delay in) 
the onset of puberty. Melatonin secretion is highest in chil’ 
dren of ages 1-5 and decreases thereafter, reaching its low- 
est levels at the end of puberty, when concentrations are 
75% lower than during early childhood. Therefore, the se- 
cretion of melatonin is believed by some researchers to play 
an important role in the onset of puberty, but this possibil- 
ity is highly controversial. 


Thymus 


The thymus is a bilobed organ positioned in the superior 
mediastinum, in front of the aortic arch and behind the 
manubrium of the sternum (fig. 19.20). Although the size 
of the thymus varies considerably from person to person, it 
is relatively large in newborns and children and sharply re- 
gresses in size after puberty. Besides decreasing in size, the 
thymus of adults becomes infiltrated with strands of fibrous 
and fatty connective Ussue. 

The thymus produces T cells (thymus-dependent 
cells), which are the lymphocytes involved in cell-mediated 
immunity (see chapter 23). In addition to producing T cells, 
the thymus secretes a number of hormones that are believed 
to stimulate T cells after they leave the thymus. 


bastrointestinal Iract 


The stomach and small intestine secrete a number of hor- 
mones that act on the gastrointestinal tract (GI tract) itself 
and on the pancreas and gallbladder, as discussed in chapter 
25. The effects of these hormones, in conjunction with reg- 
ulation by the autonomic nervous system, act to coordinate 
the activities of different regions of the GI tract and the se- 


cretions of pancreatic juice and hile. 


Gonads and Placenta 


The gonads (testes and ovaries) secrete sex steronds. tas 

include male sex hormones, or androgens, and sat sex 
, : al hor- 

hormones—estrogens and progestogens The principal he 


mones in each of these categories are testosterone, estradtol- 


I7B, and progesterone, respectively. 
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FIGURE 19.20 


The thymus is a bilobed organ within the mediastinum of the 
thorax 


The testes contain tightly convoluted seminiferous 
tubules, which produce sperm. Between the convolutions of 
the tubules are specialized endocrine cells called interstitial 
cells (cells of Leydig), which secrete testosterone. Testos- 
terone is needed for the development and maintenance of 
the primary and secondary sex organs of the male, as well as 
for the development of male secondary sex characteristics. 

During the first half of the menstrual cycle, estrogen 
is secreted by many small structures within the ovary called 
ovarian follicles. These follicles contain the egg cell, or ovien, 
and granulosa cells that secrete estrogen. By about midcycle, 
one of these tollicles grows very large and, in the process of 
ovulation, extrudes its ovum from the ovary. The empry fol- 
licle, under the influence of luteinizing hormone (LH) from 
the antenor pituitary, then hecomes a new endocrine struc- 
ture called a corpus luteum. The corpus luteum secretes 
Progesterone as well as estradiol-17f. 
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Cells of Leydig: trom Franz von Leydig. German anatomist, 1821-1908 
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Table 197 Functional categories of hormones, based on the location 
of their receptor proteins and mechanisms of action 


Effects of hormone-receptor prote: i 


Bor OZerTPS Secreted by Location of receptors 
interaction 9 
_ Thyroxine (Ts) Thyroid Nucleus of target cells After conversion to triiodothyronine (Ts), “4 
activates specific genes ; 
aids Adrenal cortex, testes, Cytoplasm of target cells Stimulates translocation of hormone- s 


ovaries 


The placenta is the organ responsible for nutrient and 
waste exchange between the fetus and mother. The placenta 
is also an endocrine gland; it secretes large amounts of es- 
trogens and progesterone, as well as a number of polypep- 
ude and protein hormones that are similar to some hormones 
secreted by the anterior pituitary gland. These latter hor- 
mones include human chorionic gonadotropin (hCG), 
which is similar to LH, and somatomammotropin, which is 
similar in action to growth hormone and prolactin. The 
physiology of the placenta and other aspects of reproduc- 
tive endocrinology are covered in chapter 30. 


Mechanisms of Hormone Hetion 


Each hormone exerts its characteristic effects on a target organ through 
its actions on the cells of these organs. The mechanisms of action are 
semilar for hormones that have semilar chemical natures. Lipid-soluble 
hormones pass through the target cell membrane and act divectly wuhin 
the target cell; those that are polar act on the target cell membrane to 
cause the production of meracellular second-messenger molecules. The 
effects of a. given hormone are influenced by its concentrauon in the 
blood and by mteractions with other hormones. 


Although each hormone exerts its own characteristic effects 
on specific target cells, hormones that are in the same chem- 
ical category have similar mechanisms of action. These sim- 
ilarities involve the location of cellular receptor proteins 
and the events that occur in the target cells after the 
hormone has combined with its receptor protein. 
Hormones are delivered by the blood to every cell in 
the body, but only the target cells are able to respond to 
these hormones. In order to respond to any given hormone, 
a target cell must have specific receptor proteins for that 
hormone. Receptor protein-hormone interaction ts highly 
specific, much like the interaction of an enzyme with its 
substrate. Receptor proteins are not enzymes, however, and 


receptor complex to nucleus and 
activation of specific genes 


since they cannot be detected by the techniques used to 
assay enzymes, other methods must be used. These methods 
are based on the observation that hormones bind to receptors 
with a high affinity (high bond strength) and with a low ca- 
pacity. The latter characteristic refers to the possibility of 
saturating receptors with hormones because of the limited 
number of receptors per target cell (usually a few thousand). 
Notice that the characteristics of hormone-target cell speci- 
ficity and saturation of receptor proteins are similar to the 
characteristics of enzyme and carrier proteins discussed in 
previous chapters. 

The location of a hormone's receptor proteins in its 
target cells depends on the chemical nature of the hormone. 
Based on the location of the receptor proteins, hormones 
can be grouped into three categories: (1) receptor proteins 

‘within the nucleus of target cells—thyrvid hormones, (2) re- 
ceptor proteins within the cytoplasm of target cells—steroid 
hormones, and (3) receptor proteins on the outer surface of 
the target cell membrane—catecholamine and polypeptide hor- 

_mones. This information is summarized in table 19.7. 


Mechanisms of Steroid and Thyroid Hormone Retion 


Steroid and thyroid hormones are similar in size: moreover, 
both groups are nonpolar, and thus are not very water- 
soluble. Unlike other hormones, therefore, steroids and thy- 
roid hormones (primarily thyroxine) do not travel dissolved 
in the aqueous portion of the plasma but instead are trans- 


ported to their target cells attached to plasma carrier pro- 
teins. These hormones then dissociate from the carrier 
proteins in the blood and easily pass through the lipid com- 
ponent of the target cell's membrane. 

Steroid and thyroid hormones bind to receptor pro- 
teins within the target cells. These receptor proteins may 
be originally located in either the cytoplasm or nucleus, de- 
pending on the specific receptor. In response to binding to 
its hormone, the receptor undergoes a change that allows it 
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The mechanism of the action of a steroid hormone (H) on the 
target cells. 


Target cell 


also to bind to DNA. All of these receptor proteins then 
promote genetic transcription, or RNA synthesis. The syn- 
thesis of specific proteins coded by messenger RNA follows 
these events and produces the effects of the hormone within 


the target cell. 


Steroid Hormones Once through the cell membrane, most 
steroid hormones attach to cytoplasmic receptor protems in 
the target cells. The steroid hormone-receptor protein com: 
plex then translocates to the nucleus and attaches by means 
of the receptor proteins to the chromatin. The sites of at- 
tachment in the chromatin, termed acceptor sites, are spe- 
cific for the target tissue. This specificity ts believed to be 
determined by acidic (nonhistone) proteins in the chro- 
matin (chapter 3). According to one theory, part of the re- 
ceptor binds to an acidic protein w hile a different part of 
the receptor binds to DNA. 

The attachment of the receptor protein-steroid com- 
plex to the acceptor site “turns on” genes. Specific genes be- 
come activated by this process and produce nuclear RNA, 
which is then processed into Messenger RNA (mRNA). This 
new mRNA enters ribosomes and codes for the production 
of new proteins. Since some of these new ly synthesized pro- 
teins may be enzymes, the metabolism of the target cell is 


changed in a specific manner (fig. 19.21). 
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FIGURE 19.22 
The mechanism of the action of T3 (triiodothyronine) on the target 
cells. 


Thyroxine As previously discussed, the major hormone se- 
creted by the thyroid gland is thyroxine, or tetraiodothyro- 
nine (Ty). Like steroid hormones, thyroxine travels in the 
blood attached to carrier proteins (primarily attached to 
thyroxine-binding globulin, or TBG). The thyroid also secretes 
a small amount of triiodothyronine (13). The carrier pro- 
teins have a higher affinity for Ts than for Ts, however, and 
as aresult, the amount of unbound (or “free”) Ty in the 
plasma is about 10 times greater than the amount of free Ty. 
Approximately 99.96% of the thyroxine in the blood 1s 
attached to carrier proteins in the plasma; the rest ts free. 
Only the thyroxine and Ty that is free can enter target cells; 
the protein-bound thyroxine serves as a reservoir of this hor- 
mone in the blood (this is why it takes a couple of weeks 
after surgical removal of the thyroid gland for the symptoms 
of hypothyroidism to develop). Once the free thyroxine 
passes into the target cell cytoplasm, it is enzymatically con- 
verted into Ty. As discussed in a later section, it is the Ts 
rather than Ty that is active within the target cells. 
Inactive Ts receptor proteins are already in the nu- 
cleus attached to chromatin. They remain inactive until T 3 
enters the nucleus from the cytoplasm. The attachment of Ty 
to the chromatin-bound receptor proteins activates genes 
and results in the production of new mRNA and new pro- 
teins. This sequence of events is summarized in figure 19.22. 
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Table 19 § Hormones that activate adenylate cyclase 
and use cAMP as a second messenger and 
hormones that use other second messengers 


Hormones that use other 
second messengers 
Catecholamines (c-adrenergic’ 
Growth hormone (GH) 


ormones that activate 


lenylate cyclase 


Insulin 
Oxytocin 
Prolactin 


Somatomed 
Somatostatin 


Mechanisms of Catecholamine and 
Polypeptioe Hormone Action 


Catecholamines (epinephrine and norepinephrine) and 
polypeptide hormones cannot pass through the lipid barrier 
of the target cell membrane. Although some of these hor- 
mones may enter the cell by pinocytosis, most of their ef- 
fects are believed to result from their interaction with 
receptor proteins on the outer surface of the target cell mem- 
brane. Since they do nor have to enter the target cells to 
exert their effects, other molecules must mediate the actions 


of these hormones within the target cells. If you think of 


hormones as “messengers” from the endocrine glands, the 
intracellular mediators of the hormone’s action can be called 


second messengers. 


Cyclic AMP as a Second Messenger Cyclic adenosine 
monophosphate (abbreviated cAMP) was the first “sec- 
ond messenger” to be discovered and is the best under- 
stood. The effects of epinephrine and norepinephrine 
induced by binding to beta-adrenergic receptors (chapter 
17) are due to cAMP production within the target cells. 
It also has been demonstrated that the effects of many (but 
not all) polypeptide hormones are likewise mediated by 
cAMP (rable 19.8). 

The binding of these hormones to their membrane re- 
ceptor proteins activates an enzyme called adenylate cy- 
clase (G-den Lit si‘klas). This enzyme is built into the cell 


2, membrane and, when activated, it catalyzes 


the following reaction: 
ATP > cAMP + PP, 


Adenosine triphosphate (ATP) is thus 
converted into cAMP plus two inorganic 
phosphates (pyrophosphate , abbreviated PP,). 
As a result of the interaction of the hormone 
with its receptor and the activation of ade- 
nylate cyclase, therefore, the intracellular 
concentration of CAMP is increased. Cyclic 
AMP activates a previously inactive enzyme 
in the cytoplasm called protein kinase. The 
inactive form of this enzyme consists of two 
subunits: a catalytic subunit and an in- 
hibitory subunit. The enzyme is produced in 
an inactive form and becomes active only 
when cAMP attaches to the inhibitory sub- 
unit. Binding of cAMP to the inhibitory sub- 
unit causes it to dissociate from the catalytic 
subunit, which then becomes active (fig. 
19.23). In summary, the hormone—acting 
through an increase in cAMP production—causes an increase 
in protein kinase enzyme activity within its target cells. 

Active protein kinase catalyzes the attachment of phos- 
phate groups to different proteins in the target cells. Asa 
result, some enzymes are activated and others are inacti- 
vated. Cyclic AMP, acting through protein kinase, thus mod- 
ulates the activity of enzymes that are already present in the 
target cell. This alters the metabolism of the target tissue in 
a manner characteristic of the actions of that specific hor- 
mone (table 19.9). 

Like all biologically active molecules, CAMP must be 
rapidly inactivated for it to function effectively as a second 
messenger in hormone action. This function is served by an 
enzyme within the target cells called phosphodiesterase | 
(fos “fo-di-es ‘té-ras), which hydrolyzes cAMP into inactive 


_fragments. Through the action of phosphodiesterase, the 


stimulatory effect of a hormone that uses CAMP as a second 
messenger depends on the continuous generation of new 
cAMP molecules, and thus depends on the level of secre- 
tion of the hormone. 


Drugs that inhibit the activity of phosphodiesterase thus 

prevent the breakdown of cAMP, resulting in increased 

concentrations of cAMP within the target cells. The 

drug theophylline and ils derivatives, for example, are 
used clinically to raise cAMP levels within bronchiolar smooth 
muscle. This duphcates and enhances the effect of epinephnne 
on the bronchioles (producing dilation) in people who suffer 
from asthma Caffeine, a compound related to theophylline. 1s 
also a phosphodiesterase inhibitor, and thus exerts its effects by 
raising the cAMP concentrations within tissue cells. 
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FIGURE 19.23 
Cyclic AMP (cAMP) as a second messenger in the action of 
catecholamine and polypeptide hormones. 


Ca** as a Second Messenger The concentration of Ca’? in 
the cytoplasm is kept very low by the action of active transport 
carriers—calcium pumps—in the cell membrane. Through 
the action of these pumps, the concentration of calcium in 
the cytoplasm is 5000 to 10,000 times lower in the cytoplasm 
than in the extracellular fluid. In addition, the endoplasmic 
reticulum (chapter 3) of many cells contains calcrum pumps 
that actively transport Ca** from the cytoplasm into the cis- 
ternae of the endoplasmic reticulum. The steep concentra- 
tion gradient for Cat? that results allows various stimuli to 
evoke a rapid, though brief, diffusion of Ca** into the cell, 
which can serve as a signal in different control systems. 

Acthe axon terminals, for example, the influx of Ca** 
serves as a signal for the release of neurotransmitters (chap- 
ter 14). Similarly, when skeletal muscles are stimulated to 
contract, the release of Cat * trom the endoplasmic reticulum 
couples electrical excitation of the muscle cell to the me- 
chanical processes that result in contraction (chapter 13). 
Addinonally, itis now known that Ca‘ 
messenger in the action of particular hormones. 

When epinephrine simulates its target organs, it must 


serves dasa second 


first bind to adrenergic receptor proteins in the membrane of 
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its target cells. As discussed in chapter 17, there are two types 
of adrenergic receptors—alpha and beta. Stumulation of the 
beta-adrenergic receptors by epinephrine results in activation 
of adenylate cyclase and the production of cAMP. By con- 
trast, smulation of alpha-adrenergic receptors by epineph- 
rine activates the target cell via Ca** as a second messenger 
(fig. 19.24). 

When epinephrine combines with its alpha-adrenergic 
receptor, an enzyme known as phospholipase C, located in 
the membrane, is activated. The substrate of this enzyme ts 
a type of membrane phospholipid that is split by the active 
enzyme into inositol triphosphate (IP3) and another prod- 
uct, diacylglycerol. IP; leaves the cell membrane and dif- 
fuses through the cell cytoplasm to the endoplasmic 
reticulum. The membrane of the endoplasmic reticulum 
contains receptor proteins for IPs, so that the IPs 1s a sec- 
ond messenger in tts own right, carrying the hormone’s mes- 
sage from the cell membrane to the endoplasmic reticulum. 
Binding of IP) to its receptors causes specific Ca’ 
to open, so that Ca** 


* channels 
diffuses out of the endoplasmic retic- 
ulum and into the cytoplasm. 

As a result, there is a rapid and transient rise in the cy- 
toplasmic Ca** concentration. This signal is augmented by 
the opening of Ca** channels in the cell membrane, presum- 
ably due to the action of yet a different (and currently un- 
known) messenger sent from the endoplasmic reticulum to 
the cell membrane. Ca** entering the cytoplasm trom the en- 
doplasmic reticulum, or from the extracellular fluid, binds to 
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a cytoplasmic protein called calmodulin. Once Ca** binds to 
calmodulin, the now-active calmodulin in turn activates spe- 
cific protem Kinase enzymes (those that add phosphate groups 
to proteins), which modify the actions of other enzymes in 
the cell. Activation of specific calmodulin-dependent 
enzymes is analogous to the activation of enzymes by cAMP- 
dependent protein kinase. The steps of the Ca** second mes- 
senger system are summarized in table 19.10. 


Epinephrine 
(beta-adrenergic effect) 
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FIGURE 19.24 

The beta-adrenergic effects of 
epinephrine are mediated by cyclic AMP 
as a second messenger (left side). 
whereas the alpha-adrenergic effects of 
epinephrine are mediated by Ca** asa 
second messenger (right side). 
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_ The sequence of events by which a hormone stimulates 
essenge sah 


Different hormones can act on the same target cell and 
produce different, and even antagonistic, effects. For exam- 
ple, insulin stimulates the synthesis of fat while the hor- 
mone glucagon stimulates hydrolysis of fat in adipose cells, 
Clearly, these two hormones cannot both use the same sec- 
ond messenger system. The Ca** system, which is stimu- 
lated by insulin, promotes lipogenesis, while the cAMP 


system, which is stimulated by glucagon, promotes lipolysis. 
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Effects of Hormone Concentrations 
on Tissue Response 


The concentration of hormones in the blood primarily re- 
flects the rate of secretion by the endocrine glands. Hor- 
mones do not generally accumulate in the blood because 
they are rapidly removed by target organs and by the liver. 


The half-life of a hormone, which is the time required for 


the plasma concentration of a given amount of a hormone to 
be reduced to half its reference level, ranges from minutes to 
hours for most hormones (thyroid hormone, however, has a 
half-life of several days). Hormones removed from the blood 
by the liver are converted by enzymatic reactions into less ac- 
tive products. Steroids, for example, are converted to more 
polar derivatives. These less active, more water-soluble polar 
derivatives are released into the blood and are excreted in 
the urine and bile. 

The effects of hormones are very concentration de- 
pendent. Normal tissue responses are produced only when 
the hormones are present in the blood within their normal 
range, or physiological range, of concentrations. When some 
hormones are taken in abnormally high amounts, or phar- 
macological concentrations (as when they are taken as drugs), 
their effects may be atypical. This may be partly due to the 
fact that abnormally high concentrations of a hormone 
sometimes cause the hormone to bind to tissue receptor pro- 
teins for different but related hormones. Also, since some 
steroid hormones can be converted by their target cells into 
products that have different biological effects (such as the 
conversion of androgens into estrogens), the administration 
of large quantities of one steroid can result in the produc- 
tion of a significant quantity of other steroids to which tis- 
sues and organs respond differently. 

Pharmacological doses of hormones, particularly of 
steroids, can thus have widespread and often damaging side 
effects. People with inflammatory-diseases who are treated 
with high doses of cortisone over long periods of time, for 
example, may develop characteristic changes in bone and 
soft tissue suructure. When oral contraceptives were first in- 
troduced, they contained high levels of sex steroids. The po- 
tential side effects could not have been predicted at the time 
“the pill” was first introduced. 


“ Anabolic steroids are synthetic androgens (male 
hormones) that promote protein synthesis in muscles 
and ojher organs. Use of these drugs by body 
builders and other athletes became widespread in 

the 1960s and, although prohibited by most athletic 
organizations, the practice ts still common today. Although 


administration of exogenous androgens does promote muscle 
growth. it can also cause a number of undesirable side 
effects. Since the liver and adipose cells can change 
androgens into estrogens, male athletes who take exogenous 
androgens often develop gynecomastia—the development of 
femalelike mammary tissue. This abnormal tissue must be 
surgically removed Damaging effects attributed to anabolic 
steroids include liver cancer, shrinkage of the testes and 
temporary sternlity, stunted growth in teenage users, 
masculinization in female users, and antisocial behavior. 
Anabolic steroids may also raise the blood levels of 
cholesterol and LDL, thus predisposing users to 
atherosclerosis of the coronary arteries and heart disease 
(chapter 21). 


Priming Effects Variations in hormone concentration 
within the normal range can affect the responsiveness of 
target cells. This is partly due to the effects of polypeptide 
and glycoprotein hormones on the number of their recep- 
tor proteins in target cells. More receptors may be formed 
in the target cells in response to increasingly higher levels of 
those hormones to which they respond. Small amounts of 
gonadortropin-releasing hormone (GnRH), secreted by the 
hypothalamus, for example, increase the sensitivity of an- 
terior pituitary cells to further GnRH stimulation. This is a 
priming effect, sometimes called upregulation. Subsequent 
stimulation by GnRH thus causes a more vigorous response 
from the anterior pituitary. 


Desensitization and Downregulation = With prolonged ex- 
posure to high concentrations of polypeptide hormones, tar- 
get cells may become desensitized. Subsequent exposure to 
the same concentration of the same hormone will then pro- 
duce less of a target tissue response. This desensitization may 
be partially due to the fact that high concentrations of these 
hormones cause a decrease in the number of receptor pro- 
teins in their target cells—a phenomenon called downregu- 
lation. Such desensitization and downregulation of receptors 
bas been shown to occur in adipose cells exposed to high 
concentrations of insulin and in testicular cells exposed to 
high concentrations of luteinizing hormone (LH). 
Desensitization does not occur under normal condi- 
tions because polypeptide and glycoprotein hormones are 
secreted in pulses rather than continuously. The pulsatile se- 
cretion of GnRH and LH ts an important aspect, for example, 
in the hormonal control of the reproductive system. When 
these hormones are artificially presented in a continuous 
fashion, they produce a decrease (rather than the normal 
increase) in gonadal function. This etfect has important 
clinical implications, as will be described in chapter 28. 
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AUitOcrine and Paracrine Regulation 


Many regulatory molecules ave produced throughout the body and act 


withm the organ m which they are produced. These molecules may 
regulate different cells withm one ussue, or they may be produced 
withm one ussue and regulate a different ussuc within the same organ. 


In chapters 14 and 19, we considered two types of regulatory 
molecules—neurotransmitters and hormones. These two 
classes of regulatory molecules cannot be defined simply by 
differences in chemical structure, since the same molecule 
(such as norepinephrine) may be in both categories; rather, 
they must be defined by function. Neurotransmitters are re- 
leased by axon terminals, travel across a narrow synaptic cleft, 
and affect a postsynaptic cell. Hormones are secreted into 
the blood by an endocrine gland and, through transport in 
the blood, influence the activities of one or more target or- 
gans. 

There are yet other classes of regulatory molecules, 
which are distinguished by the fact that they are produced 
in many different organs and are active within the organ in 
which they are produced. Molecules of this type are called 
autocrine regulators if they are produced and act within the 
same tissue of an organ. They are called paracrine regula- 
tors if they are produced within one tissue and regulate a dif- 


ferent tissue of the same organ (table 19.11). For the sake of 
simplicity, and because the same chemical can function as 
an autocrine or a paracrine regulator in different situations, 
this text will use the term autocrine ina generic sense to refer 


to both types of local regulation. 


Framples of Rutocrine Regulation 


Many autocrine regulatory molecules are also known as cy- 
tokines, particularly if they regulate different cells of the 
immune system, and growth factors, if they promote growth 
and cell division in any organ. This distinction is somewhat 
blurred, however, because some cytokines may also function 
as growth factors. Cytokines produced by lymphocytes (the 
type of white blood cell involved in specific immunity; see 
chapter 23) are also known as lymphokines, and the spe- 
cific molecules involved are called interleukims. The termi- 
nology can be confusing because new regulatory molecules, 
and new functions for previously named regulatory mole- 
cules, are being discovered at a rapid pace. 

Cytokines secreted by macrophages (a type of phago- 
cytic cell found in connective tissues) and lymphocytes stim- 
ulate proliferation of specific cells involved in the immune 
response. Neurotrophins, such as nerve growth factor, guide 
regenerating peripheral neurons that have been injured 
(chapter 14). Nitric oxide, which can function as a neuro- 


Table 19.1 A partial list of autocrine and paracrine regulators and some examples of their 


origin and actions 


Autocrine or Major sites of production 


paracrine regulator 


Insulin-like growth factors 
(somatomedins) 


Major actions 


Stimulates growth and cell division 
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FIGURE 19.25 
Formation and actions of leukotrienes and prostaglandins 
(PG = prostaglandin; TX = thromboxane). 


transmitter involved in memory and other functions, is also 
produced by the endothelium of blood vessels. In this con- 
text, it is a paracrine regulator because it diffuses to the 
smooth muscle layer of the blood vessel and promotes smooth 
muscle relaxation, leading to dilation of the blood vessel. In 
this action, nitric oxide functions as the regulator previously 
known as endothelium-derived relaxation factor. Neural and 
paracrine regulation interact in this case, because autonomic 
axons that release acetylcholine in blood vessels cause dilation 
of those vessels by stimulating the synthesis of nitric oxide. 

The endothelium of blood vessels also produces other 
paracrine regulators. These include the endothelins (specifi- 
cally endothelin-] in humans), which directly promote vaso- 
constriction, and bradykinin, which promotes vasodilation. 
These regulatory molecules are thus very important in the 
control of blood flow and blood pressure (chapter 22). They 
are also involved in the development of atherosclerosis, the 
leading cause of heart disease and stroke (chapter 21). In 
addition, endothelin: | is produced by the epithelium of the 
airways and may be important in the embryological devel 
opment and function of the respiratory system. 

All autocrine regulators in some ways control gene ex- 
Pression in their target cells. This is very clearly the case with 
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the various growth factors, such as platelet-derived growth factor, 
epidermal growth factor, and the insulin-like growth factors that 
stimulate cell division and proliferation of their target cells. 
The latter group of regulators interact with the endocrine sys- 
tem in a number of ways, as described in chapter 27 


Prostaglandins 


The most diverse group of autocrine regulators are the 
prostaglandins. A prostaglandin is a twenty-carbon-long 
fatry acid that contains a five-membered carbon ring. This 
molecule is derived from the precursor molecule arachidonic 
acid, which can be released from phospholipids in the cell 
membrane under hormonal or other stimulation. Arachi- 
donic acid can the enter one of two possible metabolic path- 
ways. In one case, the arachidonic acid may be converted 
by the enzyme cyclo-oxygenase into a prostaglandin, which 
can then be changed by other enzymes into other 
prostaglandins. In the other case, arachidonic acid may be 
converted by the enzyme lipoxygenase into leukotrienes, 
which are compounds that are closely related to the 


prostaglandins (fig. 19.25). 
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Prostaglandins are produced in almost every organ and 
have been implicated in a wide variety of regulatory func- 
tions. The study of prostaglandin function can be confus- 
ing, in part because a given prostaglandin may have opposite 
effects in different organs. Prostaglandins of the E series 
(PGE), for example, cause relaxation of smooth muscle in 
the urinary bladder, bronchioles, GI tract, and uterus, but 
the same molecules cause contraction of vascular smooth 
muscle. A different prostaglandin, designated PGF)., has 
exactly the opposite effects. 

The antagonistic effects of prostaglandins on blood 
clotting make good physiological sense. Blood platelets, 
which are required for blood clotting, produce thromboxane 
A). This prostaglandin promotes clotting by stimulating 
platelet aggregation and vasoconstriction. The endothelial 
cells of blood vessels, in contrast, produce a different 
prostaglandin, known as PGI), or prostacyclin, which has the 
opposite effects—it inhibits platelet aggregation and causes 
vasodilation. These antagonistic effects help to promote 
clotting while at the same time they ensure that clots do 
not normally form on the walls of intact blood vessels. 

The following are some of the regulatory functions pro- 
posed for prostaglandins in different organs and systems: 


l Immune system. Prostaglandins promote many aspects of the 
inflammatory process, including the development of pain and 
fever. Drugs that inhibit prostaglandin synthesis help to alleviate 


these symptoms. 


2 Reproductive system. Prostaglandins may play a role in 
ovulation and corpus luteum function in the ovaries and in 
contraction of the uterus. Excessive prostaglandin production may 
be involved in premature labor, endometriosis, dysmenorrhea 
(painful menstrual cramps), and other gynecological disorders. 


3 Digestive system. The stomach and small intestine produce 
prostaglandins, which are believed to inhibit gastric secretions and 
influence intestinal motility and fluid absorption. Since 
prostaglandins inhibit gastric secretion, drugs that suppress 
prostaglandin production may predispose a patient fo peptic ulcers. 


4 Respiratory system. Some prostaglandins cause constriction 
whereas others cause dilation of blood vessels in the lungs and of 
bronchiolar smooth muscle. The leukotrienes are potent 
bronchoconstnctors, and these compounds, together with some 
prostaglandins, may cause respiratory distress and contribute to 


bronchoconstriction in asthma. 


5 Circulatory system. Some prostaglandins are vasoconstrictors, 
whereas others are vasodilators. Ina fecus, PGE) ts believed to 
promote dilation of the ductus artertosus—a short vessel that 
connects the pulmonary trunk with the aortic arch. Atter birth, 


cachexia. Gk kakos, bad, hexs. habit 
Simmonds’ disease: from Morris Simmonds, German physician, 1855-1925 


the ductus arteriosus normally closes as a result of a rise in blood 


oxygen when the baby breathes. If the ductus remains patent 


(open), however, it can be closed by the administration of drugs 


that inhibit prostaglandin synthesis. 
Prostaglandins also play a role in blood clotting. Thromboxane 

Ai, produced by blood platelets, promotes platelet aggregation and 

vasoconstriction. Prostacyclin, produced by vascular endothelial 


cells, inhibits platelet aggregation and promotes vasodilation. 


6 Urinary system. Prostaglandins are produced in the renal 
medulla of the kidneys and cause vasodilation, resulting in 
increased renal blood flow and increased excretion of water and 


electrolyres in the urine. 


Clinical Considerations 


Disorders of the Pitutary bland 


Panhypopituitarism A reduction in the activity of the pi- 
tuitary gland, called hypopituitarism (hi po-pt-too ‘t-t-rizm), 
can result from intracranial hemorrhage, a blood clot, pro- 
longed steroid treatments, or a tumor. Total pituitary im- 
pairment, termed panhypopituitarism, brings about a 
progressive and general loss of hormonal activity. For exam- 
ple, the gonads stop functioning and the person suffers from 
amenorrhea (lack of menstruation) or aspermia (no sperm 
production) and loss of pubic and axillary hair. The thyroid 
and adrenal glands also eventually stop functioning. People 
with this condition, and those who have had their pituitary 
gland surgically removed (a procedure called hypophysectomy) 
receive thyroxine, cortisone, growth hormone, and gonadal 
hormones throughout life to maintain normal body function. 


Abnormal Growth Hormone Secretion Inadequate growth 
hormone secretion during childhood causes pituitary 
dwarfism. Hyposecretion of growth hormone in an adult 
produces a rare condition called pituitary cachexia 
(kéi-kek ‘se-&) (Simmonds' disease). One of the symptoms of 
this disease is premature aging caused by tissue atrophy. By 
contrast, oversecretion of growth hormone during childhood 
causes gigantism. Excessive growth hormone secretion in 
an adult does not cause further growth in height because the 
epiphyseal plates of the long bones have ossified. Hyper- 
secretion of growth hormone in an adult causes acromegaly 
(ak “ro-meg ‘d-le), in which the person's appearance gradu- 
ally changes as a result of thickening of bones and growth 
of soft tissues, particularly in the face, hands, and feet. 


acromegaly Gk akron, extremity. megas, large 
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Inadequate ADH Secretion A dysfunction of the neuro 
hypophysis results in a deficiency in ADH secretion Susan 
acondition called diabetes insipidus. Symptoms af chivdie: 
ease include polyuria (excessive urination), polydipsia on 
cessive thirst), and severe ionic imbalances. Diahetes 
insipidus is treated by injections of ADH. | 


Disorders of the Adrenal Glands 


Tumors of the Adrenal Medulla = Tumors of the chromaffin 
cells of the adrenal medulla are referred to as pheochromo- 
cytomas (fe-o-kro “mo-si-to maz). These tumors cause hyper- 
secretion of epinephrine and norepinephrine, which produce 
an effect similar to continuous sympathetic nervous stimu- 
lation. The symptoms of this condition are hypertension, el- 
evated metabolism, hyperglycemia and sugar in the urine, 
nervousness, digestive problems, and sweating. It does not 
take long for the body to become totally fatigued under these 
conditions, making the patient susceptible to other diseases. 


Addison’s Disease This disease is caused by inadequate 
secretion of both glucocorticoids and mineralocorticoids, 
which results in hypoglycemia, sodium and potassium im- 
halance, dehydration, hypotension, rapid weight loss, and 
generalized weakness. A person with this condition who is 
not treated with corticosteroids will die within a few days 
because of the severe electrolyte imbalance and dehydra- 
tion. Another symptom of this disease is darkening of the 
skin. This is caused by excessive secretion of ACTH and 
possibly MSH (because MSH is derived from the same par- 
ent molecule as ACTH) as a result of lack of negative feed- 
back inhibition of the pituitary by corticosteroids. 


Cushing’s Syndrome — Hypersecretion of corticosteroids re- 
sults in Cushing's syndrome. This ts generally caused by a 
tumor of the adrenal cortex or by oversecretion of ACTH 
from the adenohypophysis. Cushing's syndrome is charac- 
and protein metabolism, 


terized hy changes in carbohydrate 
ikness. Meta- 


hyperglycemia, hypertension, and muscular wei 


bolic problems give the body a puffy appearance and can 
“buffalo hump” and 


cause structural changes characterized as 
people with 


“moon face.” Similar effects are also seen when 
chronic inflammatory diseases receive prolonged tr 
with corticosteroids, which are given Co reduce intlamma- 


ton and inhibit the immune response. 


catment 


"fee ereesenasecncasasasseseesesesee® 
Diabetes Gk diabetes, 10 pass through a siphon 


Addison's disease trom Thomas Addison, English physician, 1793-1860 


Cushing's syndrome. trom Harvey Cushing, American physician, 1869-1939 


Adrenogenital Syndrome Usually associated with Cush- 
ing’s syndrome, this condition is caused by hypersecretion 
of adrenal sex hormones, particularly the androgens. 
Adrenogenital syndrome in young children causes prema- 
ture puberty and enlarged genitals, especially the penis in 
males and the clitoris in females. An increase in body hair 
and a deepening of the voice are other characteristics. This 
condition in a mature woman can cause growth of a beard. 


Disorders of the Thyroid and Parathyroid blands 


Hypothyroidism = The infantile form of hypothyroidism ts 
known as cretinism (kre ‘ti-nizm). The clinical symptoms of 
cretinism are stunted growth, thickened facial features, ab- 
normal bone development, mental retardation, low body tem- 
perature, and general lethargy. If cretinism is diagnosed early, 
it may be successfully treated by administering thyroxine. 


Myxedema Hypothyroidism in an adult causes myxedema 
(mik “‘sé-de ‘ma). This disorder affects body fluids, causing 
edema and increasing blood volume, hence increasing blood 
pressure. Symptoms of myxedema include a low metabolic 
rate, lethargy, and a tendency to gain weight. This condi- 
tion is treated with thyroxine or with triiodothyronine, 
which are taken orally (as pills). 


Endemic Goiter A goiter is an abnormal growth of the thy- 
roid gland. When this condition results from inadequate di- 
etary intake of iodine, it is termed endemic goiter (fig. 19.26). 
In this case, growth of the thyroid is due to excessive TSH 
secretion, which results from low levels of thyroxine secre- 
tion. Endemic goiter is thus associated with hypothyroidism. 


Graves’ Disease Graves’ disease, also called toxic goiter, 
involves growth of the thyroid associated with hypersecre- 
tion of thyroxine. This hyperthyroidism ts produced by 
antibodies that act like TSH and stimulate the thyroid; it 
is an autoimmune disease. As a consequence of high levels of 
thyroxine secretion, the metabolic rate and heart rate in- 
crease, the person loses weight, and the autonomic nervous 
system induces excessive sweating. In about half of the cases, 
exophthalmos (ck “sof-thal mos) (bulging of the eyes) also 
develops (fig. 19.27) because of edema in the tissues of the 
eye sockets and swelling of the extrinsic eye muscles. 


myxedema Gk myxa, Mucus o1emna swelling 
Graves’ disease trom Robert James Graves, Irish physician, 1796-1853 


exophthalmos Gk ex, oul opthalmos. eyeball 
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FIGURE 19.26 


A simple or endemic goiter is caused by insufficient iodine in 
the diet 


Disorders of the Parathyroid Glands Surgical removal of 


the parathyroid glands sometimes unintentionally occurs when 


the thyroid is removed because of a tumor or the presence of 


Graves’ disease. The resulting fall in parathyroid hormone 
(PTH) causes a decrease in plasma calcium levels, which can 
lead to severe muscle tetany. Hyperparathyroidism ts usually 
caused by a tumor that secretes excessive amounts of PTH, 
This stimulates demineralization of bone, which makes the 
bones soft and Talises the blow vd levels of calcium and phos- 


phate. As a result of these changes, bones are subject to de- 


formity and fracture, and stones (renal calculi) composed of 


calcium phosphate are likely to develop in the urinary tract. 


FIGURE 19.27 
Hyperthyroidism is characterized by an increased metaboli 


s. The ey 


weight loss, muscular weakness, and nervousnes 


also protrude. 


Nisorders of the Fancreatic Islets 
Diabetes Mellitus Diabetes mellitus is characterized by 
fasting hyperglycemia and the presence of glucose in the 
urine. There are two forms of this disease. Type I, ot 
insulin-dependent diabetes mellitus, is caused by destruction 
of the beta cells and the resulting lack of insulin secretion 
Type II, or noninsulin-dependent diabetes mellitus (which 
is the more common form) is caused by decreased tissue sen- 
sitivity to the effects of insulin, so that increasingly large 
amounts of insulin are required to produce a normal effect. 
Both types of diabetes mellitus are also associated with ab- 
normally high levels of glucagon secretion. Diabetes melli- 
tus is discussed in more detail in chapter 27. 


Reactive Hypoglycemia 
tion for type I diabetes mellitus often first develop reactive 


People with a genetic predispost- 


hypoglycemia. In this condition, the rise in blood glucose that 
follows the ingestion of carbohydrates stimulates excessive 
secretion of insulin, which in turn causes the blood glucose 
levels to fall below the normal range. This can result in weak- 
ness, Changes in personality, and mental disorientation. 
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Inhibitors of Prostaglandin Synthesis 


Aspirin is the most widely used member of a class of drugs 
known as nonsteroidal anti-inflammatory drugs. Other 
members of this class are indomethacin and ibuprofen. These 
drugs produce their effects because they specifically inhibit 
the cyclo-oxygenase enzyme that is needed for prostaglandin 
synthesis. Through this action, the drugs inhibit inflamma- 
tion but produce some unwanted side effects, including gas- 
tric bleeding, possible kidney problems, and prolonged 
clotting time. 

It is now known that there are two isoenzyme forms 
(chapter 4) of cyclo-oxygenase. The type | form is produced 
constitutively (that is, in a constant fashion) by cells of the 
stomach and kidneys, and by blood platelets, which are cel- 
lular structures involved in blood clotting (chapter 20). The 
type I] form of the enzyme is induced in a number of cells in 
response to cytokines involved in inflammation, and the 
prostaglandins produced by this isoenzyme promote the in- 
flammatory condition. 

When aspirin and the other drugs of its class inhibit 
the type | isoenzyme of cyclo-oxygenase, the synthesis of 
prostacyclin is inhibited. Since prostacyclin protects the 


stomach lining, inhibition of its synthesis with aspirin may 
be responsible for the stomach irritation caused by aspirin 
and indomethacin, the two most potent inhibitors of the 
type | isoenzyme. Inhibition of the type | isoenzyme is thus 
responsible for the negative side effects of these drugs. In- 
hibition of the type II isoenzyme is responsible for the in- 
tended antiinflammatory benefits of the drugs, and research 
is currently underway to develop new drugs that more se- 
lectively inhibit the type II isoenzyme of cyclo-oxygenase. 

There is, however, one important benefit derived 
from the inhibition of the type I isoenzyme by aspirin. The 
type | isoenzyme is the form of cyclo-oxygenase present 
in blood platelets, where it is needed for the production of 
thromboxane A>. Since this prostaglandin is needed for 
the ability of platelets to aggregate, inhibition of its syn- 
thesis by aspirin reduces the ability of the blood to clot. 
While this can be a negative effect, low doses of aspirin 
have been shown to significantly reduce the risk of heart 
attacks and strokes (chapter 21) by reducing platelet func- 
tion. It should be noted that this beneficial effect is pro- 
duced by lower doses of aspirin than are commonly taken 
to reduce inflammation. 


POO OO OTOP RHEE EEE O ERE HHOEEEHESEHEHEE EEE E TOTO EE HOSES RETEST EEE E ETHOS EE EOE H SOHO EE EH EE EEEE EROS EE EHH EH EH ESET EH EEEHE HES EOEEEHE EHTS ESSE TESTS EES 


Chapter summary 


Endocrine Glands and Hormones 
(pp. 514-519) 


1. Hormones are chemicals, including 


Pituitary Gland (pp. 519-526) 


1, The pituitary gland secretes 8 hormones. 
a. The anterior pituitary secretes growth 


a. Hypothalamic hormones include TRH, 
CRH, GnRH, PIH, somatostatin, and a 
growth hormone-releasing hormone. 

b. These hormones are carried to the 


Steroids, catecholamines, and 
polypeptides, that are secreted into the 
blood by endocrine glands. 

. Precursors of active hormones may be 

Called either prohormones or 

prehormones. 

a. Prohormones are relatively inactive 
precursor molecules made in the 
endocrine cells. 

b. Prehormones are the normal 


secretions of an endocrine gland that, 


in order to be active, must be 
converted to other derivatives by 
target cells. ‘ 

- Hormones can interact in permissive, 
Synergistic, or antagonistic ways. 


hormone, thyroid-stimulating 
hormone, adrenocorticotropic 
hormone, follicle-stimulating 
hormone, luteinizing hormone, and 
prolactin. 

b. The posterior pituitary secretes 
antidiuretic hormone (also called 
vasopressin) and oxytocin. 


2. The hormones of the posterior pituitary 


are produced in the hypothalamus and 
transported to the posterior pituitary by 


the hypothalamohypophyseal nerve tract. 
. Secretions of the anterior pituitary are 


controlled by hypothalamic hormones 
that stimulate or inhibit secretions of the 


anterior pituitary. 


anterior pituitary by the 
hypothalamohypophyseal portal system. 


. Secretions of the anterior pituitary are 


also regulated by the feedback (usually 
negative feedback) of hormones from the 
target glands. 


. Higher brain centers, acting through the 


hypothalamus, can influence pituitary 
secretion. 


Adrenal Glands (pp. 526-528) 
1. The adrenal cortex secretes 


mineralocorticoids (mainly aldosterone), 

glucocorticoids (mainly cortisol), and sex 

steroids (primarily weak androgens) 

a. The glucocorticoids help to regulate 
energy balance; they also can inhibit 
inflammation and suppress immune 
function. 
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integumentary System 

¢ Protects the body from pathogens and helps 
maintain body temperature 

© Sex hormones activate sebaceous glands and 
promote development of apocrine sweat glands 


Skeletal System 

e Supports and protects certain endocrine glands 
(e.g., the pituitary gland) 

e Stores calcium needed for endocrine function 

e Anabolic hormones, including growth hormone, 
stimulate bone development 

e Parathyroid hormone and calcitonin regulate 
calcium deposition and resorption in bones 


Muscular System 

© Skeletal muscles provide protection for certain 
endocrine glands 

© Cardiac and smooth muscles help deliver blood 
to endocrine system 

© Anabolic hormones promote muscle growth and 
development; catabolic hormones promote 


breakdown of muscle proteins 


Nervous System 
e Hypothalamus secretes hormones that control 


pituitary gland 

© Autonomic nerves regulate secretion of adrenal 
medulla and other endocrine glands 

© Sex hormones from the gonads, melatonin from 
the pineal gland, and many other hormones 
regulate different aspects of brain function 


Circulatory System 
. pean oxygen and nutrients to endocrine 


glands and removes wastes 
© Transports hormones from endocrine glands to 
target cells 


Interactions of the Endocrine System 
with Other Body Systems 


e Epinephrine and norepinephrine from ad 
medulla stimulate heart 

© Thyroxine and other hormones have perm 
effects on autonomic regulation of cardio 
system 

Lymphatic System 

© Protects against infections that could damage 
endocrine system 

e Hormones from thymus gland help regulate 
lymphocytes 

e Adrenal corticosteroids have suppressive effects 
on immune system 


Respiratory System 

¢ Provides oxygen for aerobic respiration of 
endocrine glands and allows carbon dioxide to be 
eliminated 

© Thyroxine and epinephrine stimulate cell 
respiration 

¢ Epinephrine promotes bronchodilation 


Urinary System 

e Eliminates metabolic wastes 

e Releases renin and erythropoietin when local 
blood pressure declines 

e Antidiuretic hormone, aldosterone, and atrial 
natriuretic hormone regulate functions of kidneys 


Digestive System 

e Provides nutrients to endocrine system for 
metabolism and synthesis of hormones 

© Hormones of stomach and small intestine help to 
coordinate activities of different regions of Gi tract 


Reproductive System 

e Gonadal hormones influence the function of the 
ry and other endocrine glands 

. ral hormones regulate reproductive 
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b. The pituitary-adrenal axis is 
stimulated by stress as part of the 
general adaptation syndrome. 

2. The adrenal medulla secretes epinephrine 
and lesser amounts of norepinephrine: 
these hormones complement the action 
of the sympathetic nervous system. 


Thyroid and Parathyroid Glands 
(pp. 528-530) 


1. The thyroid follicles secrete 
tetraiodothyronine (T4, or thyroxine) and 
lesser amounts of triiodothyronine (T3). 
a. These hormones are formed within 

the colloid of the thyroid follicles. 

b. The parafollicular cells of the thyroid 
secrete the hormone calcitonin, which 
may act to lower blood calcium levels. 

2. The parathyroids are small structures 
embedded within the thyroid gland; the 
parathyroids secrete a hormone that 
promotes a rise in blood calcium levels. 


Pancreas and Other Endocrine Glands 
(pp. 530-534) 


1. Beta cells in the pancreatic islets (islets 
of Langerhans) secrete insulin; alpha 
cells secrete glucagon. 

a. Insulin lowers blood glucose and 
stimulates the production of 
glycogen, fat, and protein. 

b. Glucagon raises blood glucose by 
stimulating the breakdown of liver 
glycogen; it also promotes lipolysis 
and the formation of ketone bodies. 

c. The secretion of insulin is stimulated 
by arise in blood glucose following 
meals; the secretion of glucagon is 


Review Activities 


Objective Questions 


Match the gland to its embryonic origin. 
1. Adenohypophysis a. endoderm of 
2. Neurohypophysis pharynx 
3. Adrenal medulla b. diverticulum 
from brain 
c. endoderm of 
foregut 
d. neural crest 
ectoderm 
e. hypophyseal 
pouch 
4. Hypothalamic releasing hormones 
a. are secreted into capillaries in the 
median eminence. 
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Stimulated by a fall in blood glucose 
during periods of fasting 

2. The pineal gland, located on the roof of 
the third ventricle of the brain, secretes 
melatonin, this hormone may play a role 
in regulating reproductive function. 

3. The thymus is the site of T cell 
lymphocyte production and secretes a 
number of hormones that may help to 
regulate the immune system. 

4. The gastrointestinal tract secretes a 
number of hormones that help to 
regulate functions of the digestive 
system. 

5. The gonads secrete sex steroid 
hormones. 

a. Interstitial (Leydig) cells of the testes 
secrete testosterone and other 
androgens. 

b. Granulosa cells of the ovarian follicles 
secrete estrogen. 

c. The corpus luteum of the ovaries 
secretes progesterone, as well as 
estrogen. 

6. The placenta secretes estrogen, 
progesterone, and a variety of 
polypeptide hormones that have actions 
similar to some anterior pituitary 
hormones. 


Mechanisms of Hormone Action 
(pp. 534-540) 

1. Steroid and thyroid hormones enter their 
target cells, where they bind to receptor 
proteins. 

a. Thyroid hormones attach to 
chromatin-bound receptors located in 
the nucleus. 


b. are transported by portal veins to the 
anterior pituitary. 

c. stimulate the secretion of specific 
hormones from the anterior pituitary. 

d. all of the above apply. 

5. The hormone primarily responsible for 
setting the basal metabolic rate and for 
promoting the maturation of the brain is 
a. cortisol. 

b. ACTH. 
c. TSH 
d. thyroxine. 

6. Which of the following statements about 
the adrenal cortex is true? 

a. Itis not innervated by nerve fibers 
b. It secretes some androgens. 


b. Steroid hormones bind to cytoplasmic 
receptor proteins and translocate to 
the nucleus 

c. Attachment of the hormone-receptor 
protein complex to the chromatin 
activates genes and thereby 
stimulates RNA and protein synthesis 

2. Amine, polypeptide, and glycoprotein 
hormones bind to receptor proteins on 
the outer surface of the target cell 
membrane. 

a. In many cases, this leads to the 
intracellular production of cyclic AMP, 
which serves as a Second messenger 
in the action of these hormones 

b. In other cases, Ca** and other 
substances may serve as a second 
messenger in the action of the 
hormone. 

3. The effects of a hormone in the body 
depend on its concentration 

a. Abnormally high levels of a hormone 
in the blood can result in atypical 
effects 

b. Target tissues can become 
desensitized by high hormone 
concentrations. 


Autocrine and Paracrine Regulation (pp. 
540-542) 


1. Autocrine and paracrine regulators act 
within the same organ in which they are 
produced. 

2. Prostaglandins are special 20-carbon- 
long fatty acids produced by many 
different organs. They usually have 
regulatory functions within the organ in 
which they are produced 


c. The zona granulosa secretes 
aldosterone. 

d. The zona fasciculata is stimulated by 
ACTH. 

e. all of the above are true. 

7. The hormone insulin 

a. is secreted by alpha cells in the 
pancreatic islets. 

b. is secreted in response to a rise in 
blood glucose 

c. stimulates the production of glycogen 
and fat. 

d. both a and b apply. 

e. both b and c apply 


Endocrine System 


Discuss the significance of the term 
trophic with respect to the actions of 
anterior pituitary hormones. 


Match the hormone with the primary agent 14. Which hormone uses cAMP as a second 3. 
that stimulates its secretion. messenger? 


: site . inom "i ener 4. Suppose a drug blocks be saab n 
10. Corticosteroids c. growth hormone c. insulin T, to Ts. Describe ane ) : mt 
11. ACTH d. sympathetic d. epinephrine would have (a) on Pi eee: OF 

nerves 15. Which of the following terms best thyroxine secretion, and (c) On the sic: . 
e. CRH describes the interactions of insulin and the thyroid gland. ‘iti 
12. Steroid hormones are secreted by glucagon? 5. Explain why the anterior oinced Is 
a. the adrenal cortex. a. synergistic sometimes referred to as the “master 
b. the gonads. b. permissive gland and why this reference is 
c. the thyroid. c. antagonistic misleading. 
d. both aand b. d. cooperative 6. Suppose a person's immune system 
e. both bandc. produced antibodies against insulin 
13. The secretion of which hormone would be Essay Questions receptor proteins. Describe the possible 
increased in a person with endemic 1. Explain how the regulation of the effect of this condition on carbohydrate 
goiter? neurohypophysis and adrenal medulla and fat metabolism. 
a. TSH relates to their embryonic origins. 
b. thyroxine 2. Compare steroid and polypeptide 
C. triiodothyronine hormones in terms of their mechanism of 
d. all of the above apply. action in target organs. 


Chapter Nineteen 


Downloaded from Durr-e-Danish Library 


| cater tent 


circulatory system: blood 


Tuc an Compmens of he Bejec tiv lots es 
: Circulatory System S50 Se pn oe tn 


: Functions of the Circulatory System © List the functions of the circulatory system. 

Major Components of the Circulatory System 3 ra ‘ om 

: Composition of the Blood 551 ofits constituents 

Plasma © Discuss the origin, structure, function, and life span 
: Formed Elements of Blood of erythrocytes, leukocytes, and platelets. 

: Hemopoiesis ° Discuss the origin and function of erythropoietin and 
: Erythrocyte Antigens and Blood Typing the lymphokines. 

: | . ABO and Rh blood , comment 

: Blood Clotting 558 tet claiealsiguincaect. al GapTUI IE 
: Functions of Platelets agglutination reaction occurs. 

: Clotting Factors: Formation of Fibrin ° Describe the platelet release reaction and the 

: Dissolution.of Clots formation of a platelet plug. 

: Arterial Pressure Points and ‘ ee 
: Control of Bleeding —obI cateneput aon 

: +» . > as © Describe the physiological mechanisms that promote 
: Recognizing and Treating Victims the dissolution ofa blood clt 


: of Shoch SB) 


Review Activities 564 
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Chapter Twenty 


Functions and Components 


of the Circulatory aystem 


Blood serves numerous functions, mcluding the transport of respiratory 
gases, nutritive molecules, metabolic wastes, and hormones. Blood 
circulates through the body in a system of vessels from and back to 

the heart. 


A unicellular organism can provide for its own maintenance 
and continuity by performing the wide variety of functions 
needed for life. By contrast, the complex human body is 
composed of trillions of specialized cells that demonstrate a 
division of labor. Cells of a multicellular organism depend on 
one another for the very basics of their existence. The ma- 
jority of the cells of the body are firmly implanted in tissues 
and are incapable of procuring food and oxygen on their 
own, or even moving away from their own wastes. There- 
fore, a highly specialized and effective means of transporting 
materials within the body is needed. 

The blood serves this transportation function. An es- 
timated 60,000 miles of vessels throughout the body of an 
adult ensure that continued sustenance reaches each of the 
trillions of living cells. However, the blood can also serve 
to transport disease-causing viruses, bacteria, and their tox- 
ins. To guard against this, the circulatory system has pro- 
tective mechanisms—the white blood cells and lymphatic 
system. In order to perform its various functions, the circu- 
latory system works together with the respiratory, urinary, 
digestive, endocrine, and integumentary systems in main- 
taining homeostasis. 


Functions of the Circulatory system 


The many functions of the circulatory system can be grouped 
into three broad areas: transportation, regulation, and 
protection. 


l Transportation. All of the substances essential for cellular 
metabolism are transported by the circulatory system. These 
substances can be categorized as follows: 


a Respiratory. Red blood cells, or erythrocytes 

(&-nith 10-sTez), transport oxygen to the tissue cells. In the 
lungs, oxygen from the inhaled air attaches to hemoglobin 
molecules within the erythrocytes and is transported to the 
cells for aerobic respiration. Carbon dioxide produced by cell 
respiration ts carried by the blood to the lungs for elimination 
in the exhaled air. 


b Nutriuve. The digestive system ts responsible for the 
breakdown of food so that it can be absorbed through the 
intestinal wall and into the blood vessels of the circulatory 
system. The blood then carnes these absorbed products of 
digestion through the liver and to the cells of the body. 


c Excretory. Metabolic wastes, excessive water and tons, as 
well as other molecules in plasma (the fluid portion of blood) 
are filtered through the capillaries of the kidneys and excreted 


in urine. 


2 Regulation. The blood carries hormones and other regulatory 
molecules from their site of origin to distant target Cissues. 
Diversion of blood from deeper vessels to surface vessels in the 
skin aids in the regulation of body temperature. 


3 Protection. The circulatory system protects against injury and 
foreign microbes or toxins introduced into the body. The clotting 
mechanism protects against blood loss when vessels are damaged, 
and white blood cells, or leukocytes (loo k0-sTtz), render the body 
immune to many disease-causing agents. Leukocytes may also 
protect the body through phagocytosis, as described in chapter 3 
(fig. 3.3). 


Major Components of the Lirculatory system 


The circulatory system is frequently divided into the car- 
diovascular system, which consists of the heart and blood 
vessels, and the lymphatic system, which consists of lymph 
vessels, lymph nodes, and lymphoid organs (spleen, thymus, 
and tonsils). 

The heart is a four-chambered double pump. Its pump- 
ing action creates the pressure head needed to push blood 
in the vessels to the lungs and body cells. At rest, the heart 
of an adult pumps about 5 liters of blood per minute. It takes 
about | minute for blood to be circulated to the most distal 
extremity and back to the heart. 

Blood vessels form a tubular network that permits 
blood to flow from the heart to all the living cells of the 
body and then back to the heart. Arteries carry blood away 
from the heart, whereas veins return blood to the heart. Ar- 
teries and veins are continuous with each other through 
smaller blood vessels. 

Arteries branch extensively to form a “tree” of de- 
creasingly smaller vessels. Those that are microscopic in di- 
ameter are called arterioles (ar-tire-olz). Blood passes from 
the arterial to the venous system in capillaries (kap ‘y-lar-€z), 
which are the thinnest and most numerous of the blood ves- 
sels. All exchanges of fluid, nutrients, and wastes between 
the blood and tissues occur across the walls of capillaries. 
Blood flows through capillaries into microscopic-sized ves- 
sels, called venules (ven ‘yoolz), which deliver blood into in- 
creasingly larger veins that eventually return the blood to 
the heart. 

As blood plasma passes through capillaries, the hydro- 
static pressure of the blood forces some of this fluid out of 
the capillary walls. Fluid derived from plasma that passes 
out of capillary walls into the surrounding tissues 1s called 
tissue fluid, or interstitial (in “ter-sush‘al) fluid. Some of this 
fluid returns directly to capillaries, and some enters into 
lymph vessels located in the connective tissues around the 
blood vessels. Fluid in lymph vessels 1s called lymph (limf). 
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This fluid is returned to the venous 
blood at specific sites. Lymph nodes, 


positioned along the way, cleanse the 
lymph prior to its return to the venous 
blood. The lymphatic system is dis- 
cussed as part of the immune system 
in chapter 23. 


Plasma 


Marshburn 


Blood consists of formed elements that are 
suspended and carried in the plasma. These 
formed elements and their major functions 
include erythrocytes (oxygen transport), 
leukocytes (immune defense), and platelets 
(blood clotting). Plasma contams different 
types of proteins and many water-soluble 


molecules. 


: Red blood cells 
The average-sized adult has about 5 


liters of blood, constituting about 8% 
of the total body weight. Blood leaving 
the heart is referred to as arterial blood. 
Arterial blood, with the exception of 
that going to the lungs, is bright red in color due to a high 
concentration of oxyhemoglobin (the combination of oxygen 
and hemoglobin) in the erythrocytes. Venous blood is blood 
returning to the heart and, except for the venous blood from 
the lungs, has a darker color (due to hemoglobin that is no 
longer combined with oxygen). 

Blood is composed of a cellular portion, called formed 
elements, and a fluid portion, called plasma. When a blood 
sample is centrifuged, the heavier formed elements are 
packed into the bottom of the tube, leaving plasma at the 
top (fig. 20.1). The formed elements constitute approxi- 
mately 45% of the total blood volume; the plasma accounts 
for the remaining 55%. The hematocrit (HCT) is the per- 
centage of red blood cells per given volume of blood and is 
an important indicator of the oxygen carrying capacity of 


bk Tt rd. 


Plasma 


Plasma is a straw-colored liquid consisting of water and dis- 
solved solutes. The major solute of the plasma in terms of 
its concentration is Na‘. In addition to Na‘, plasma con- 
tains many other salts and ions, as well as such organic mol- 


FIGURE 20.1 


test tube. 


ecules as metabolites, hormones, enzymes, antibodies, and 


. 
Oem meee ces eeseeeseeereseseseeeee 


hematocrit Gk. haima. blood: krino, to separate 
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f > Blood Sample 


‘Buffy coat” 


Red blood cells 


Peripheral Blood Smear 


Blood cells become packed at the bottom of the 


other proteins. The values of some of 
these constituents of plasma are indi- 
cated in table 20.1. 


Plasma Proteins Plasma proteins 

constitute 7%-9% of the plasma. The 

three types of proteins are albumins, 

globulins, and fibrinogen. Albumins 

(al-byoo Minz) account for most (about 

60%) of the plasma proteins and are 

the smallest in size. They are produced 

by the liver and provide the osmotic 
White blood Pressure needed to draw water from the 
cells surrounding tissue fluid into the capil- 
laries. This action is needed to main- 
tain blood volume and_ pressure. 
Globulins (glob’yoo-linz) make up 
about 36% of the plasma proteins and 
are grouped into three subtypes: alpha 
globulins, beta globulins, and gamma 
globulins. The alpha and beta globu- 
lins are produced by the liver and 
transport lipids and fat-soluble vita- 
mins in the blood. Gamma globulins 
are antibodies produced by lympho- 
cytes (one of the formed elements 
found in blood and lymphoid tissues) 
and function in immunity. Fibrinogen (fi-brin 6-jen), which 
accounts for only about 4% of the total plasma proteins, is an 
important clotting factor produced by the liver. During the 
process of clot formation (described later in this chapter), 
fibrinogen is converted into insoluble threads of fibrin. The 
fluid from clotted blood, which is called serum, thus does 
not contain fibrinogen but is otherwise identical to plasma. 


Platelets 


Plasma Volume and pH = A number of regulatory mecha- 
nisms in the body maintain homeostasis of the plasma vol- 
ume. If the body should lose water, the remaining plasma 
hecomes excessively concentrated (its osmolality increases). 
This condition is detected by osmoreceptors in the hypo- 
thalamus, resulting ina sensation of thirst and an increase in 
the secretion of antidiuretic hormone (ADH) from the pos- 
terior pituitary (chapter 19). This hormone promotes water 
retention by the kidneys, which—together with increased 
fluid consumption—helps to compensate for the dehydra- 
tion and lowered blood volume. This regulatory mechanism 
is very Important in maintaining blood pressure (to be dis- 
cussed in chapter 22). 

The plasma pl] is maintained within a very narrow 
range (7.35-7.45) through numerous mechanisms. Acids in 


eveccdasesecececesoesrcecoconcoseosos 
albumin L albumen, white 

globulin: L. globulus, small globe 

serum. L. serum, liquid 
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Table tll.] Representative normal 


 -— plasmavalues 


“t 


Normal range 


80-85 ml/kg body 
280-296 mOsm 
7.35-7.45 


Female: 10-79 U/L 
Male: 17-148 U/L 
45-90 U/L 
Female: 0.01-0.56 Sigma U/r 
Male: 0.13-0.63 Sigma U/mi 


drogenase (LDH) 
tase (acid) i 


Female: 37%-48% 
Male: 45%-52% 
Female: 12-16 9/100 m 


f 


6-26 wU/ml (tasting) 


24-30 mmol/| 
2.1-2.6 mmol/l — 
100-106 mmol/I 
3.5-5.0 mmol/| 

135-145 mmol/l. 


70-110 mg/100 mi 
0.6-1.8 mmol/l 


40-150 mg/100 
8-25 mg/100 mi 


/100 | 


Exerpted from material originally appearing in The New England 
Journal of Medicine, “Case Records of the Massachusetts General 
Hospital,” Vol. 302, No. 1, pp. 37-48, January 3, 1980 and “Case 
Records of the Massachusetts General Hospital,” Vol. 314, pp. 39-49. 
Copyright © 1980, 1986 by The New England Journal of Medicine. 
Reprinted by permission. 
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the blood are buffered by bicarbonate in the plasma, and 
blood pH is maintained by the actions of the lungs and kid- 
neys. The lungs function in acid-base balance by eliminating 
carbon dioxide (see chapter 24), which regulates the amount 
of carbonic acid in the blood. The kidneys function in acid- 
base balance by excreting hydrogen tons and retaining 
plasma bicarbonate (see chapter 25). 


formed Hlements of Blood 


The formed elements of blood include two types of blood 
cells: erythrocytes or red blood cells, and leukocytes, or 
white blood cells. Erythrocytes are by far the more numerous 
of the two: a cubic millimeter of blood contains 5.1 million 
to 5.8 million erythrocytes in males and 4.3 million to 5.2 
million erythrocytes in females. The same volume of blood, 
by contrast, contains only 5000 to 9000 leukocytes. 
Platelets, a third type of formed element, are cell fragments 
of extremely large cells found in bone marrow. 


Erythrocytes = Erythrocytes are flattened, biconcave discs, 
about 7m in diameter and 2.2 ptm thick (fig. 20.2). Their 
unique shape relates to their function of transporting oxygen 
and provides an increased surface area through which gas 
can diffuse. Erythrocytes lack nuclei and mitochondria (they 
get energy from anaerobic respiration). Because of these de- 
ficiencies, erythrocytes have a circulating life span of only 
about 120 days before they are destroyed by phagocytic cells 
in the liver, spleen, and bone marrow. 

Each erythrocyte contains approximately 280 million 
hemoglobin molecules, which give blood its red color. Each 
hemoglobin molecule consists of four polypeptide chains, 
called globins, and four iron-containing, ringlike heme groups. 
Each heme group contains one atom of iron, which is able to 
combine with oxygen in the lungs and release oxygen in the 
tissues. The role of hemoglobin in gas transport is described 
in more detail in chapter 24. 


abnormally low hemoglobin concentration and/or 
erythrocyte count. The most common type is Iron- 
deficiency anemia, caused by a deficiency in iron, 
which is an essential component of the hemoglobin molecule. 
In pernicious anemia. there is a deficiency of vitamin By», 
which 1s needed for red blood cell production. In most cases. 
this results from atrophy of the glandular mucosa of the 
stomach, which normally secretes a substance called intrinsic 
factor. In the absence of that intrinsic factor, vitamin By» 
cannot be absorbed by intestinal cells. Aplastic anemia is due 
to destruction of the bone marrow, which may be caused by 
chemicals (including benzene and arsenic) or by X rays 


\ Anemia refers to any condition in which there is an 
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erythrocytes Gk. erythros, red, kytos, hollow (cell) 
leukocytes Gk /eukos, white, kytos, hollow (cell) 


Side view 


> | 2.5 micrometers 


Top view 


7.5 micrometers 


(a) 


(b) 


FIGURE 20.2 

Erythrocytes. (a) A diagram and (b) a scanning electron 
micrograph showing erythrocytes clinging to the tip ofa 
hypodermic needle 


Leukocytes Leukocytes, or white blood cells, differ from 
erythrocytes in several ways. Leukocytes contain nuclei and 
mitochondna and can move in an amoeboid fashion (eryth- 
rocytes are not able to move independently). Because of 
their ameboid ability, leukocytes can squeeze through pores 
in capillary walls and move to a site of infection, whereas 
erythrocytes usually remain confined within blood vessels. 
The movement of leukocytes through capillary walls 1s called 
diapedesis . 

Pete ce reece ese ceseeeseeeeseseeeees 


diapedesis Gk. dia, through; pedester, on foot 
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Leukocytes, which are almost invisible under the mi- 
croscope unless they are stained, are classified according 
to their stained appearance. Those leukocytes that have 
granules in their cytoplasm are called granular leukocytes; 
those that do not are called agranular (or nongranular) 
leukocytes. 

The stain used to identify leukocytes is usually a mix- 
ture of a pink-to-red stain called eosin and a blue-to-purple 
stain called a “basic stain.” Granular leukocytes with pink- 
staining granules are therefore called eosinophils (¢ “6-sin 6- 
filz), and those with blue-staining granules are called 
basophils. Those with granules that have little affinity for ei- 
ther stain are neutrophils. Neutrophils are the most abun- 
dant type of leukocyte, accounting for 50% to 70% of the 
leukocytes in the blood. Because of their oddly shaped nu- 
clei, with lobes and strands, they are sometimes called poly- 
morphonuclear (pol “e-mor “‘fo-noo ‘kle-ar) neutrophils 
(PMN). 

There are two types of agranular leukocytes: lympho- 

cytes and monocytes. Lymphocytes are usually the second 
most numerous type of leukocyte in the blood. They are 
small cells with round nuclei and little cytoplasm. Mono- 
cytes, by contrast, are the largest of the leukocytes and gen- 
erally have kidney- or horseshoe-shaped nuclei. In addition 
to these two cell types, there are smaller numbers of cells, 
derived from lymphocytes, called plasma cells. Plasma cells 
produce and secrete large amounts of antibodies. The im- 
mune functions of the different white blood cells is described 
in more detail in chapter 23. 
Platelets Platelets, or thrombocytes, are the smallest of 
the formed elements. As mentioned previously, they are ac- 
tually fragments of megakaryocytes—large cells found in bone 
marrow—hence the term formed elements rather than blood 
cells as a collective designation for erythrocytes, leukocytes, 
and platelets. The fragments that enter the circulation as 
platelets lack nuclei but, like leukocytes, are capable of 
amoeboid movement. The platelet count per cubic mil- 
limeter of blood is 250,000 to 450,000. Platelets survive for 
about 5 to 9 days before being destroyed by the spleen and 
liver. 

Platelets play an important role in blood clotting. They 
constitute the mayor portion of the mass of a clot, and phos- 
pholipids in their cell membranes serve to activate the clot- 
ting factors in plasma that result in threads of fibrin, which 
reinforce the platelet plug. Platelets that attach together in 
a blood clot also release a chemical called serotonin, which 
stimulates constriction of the blood vessels, thus reducing 
the flow of blood to the injured area. 
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thrombocytes: Gk thrombos, clot, kytos, hallow (cell) 
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The appearance of the formed elements of the blood 
is shown in figure 20.3, and a summary of the characteris- 
tics of these formed elements is presented in table 20.2. 


<a Blood cell counts are an important source of 
information in assessing a person's health. An 
abnormal increase in erythrocytes, for example, is 
termed polycythemia (pol”e-si-the’me-<) and is 
indicative of several dysfunctions. An abnormally low red 
blood cell count is termed anemia. An elevated leukocyte 
count, called leukocytosis, is often associated with localized 
infection. A large number of immature leukocytes within a 
blood sample is diagnostic of the disease leukemia. 


Hemoporesis 


Blood cells are constantly being formed through a process 
called hemopoiesis (he “mo-poi-e ‘sis). The hematopoietic 
stem cells—those that give rise to blood cells—originate in 
the yolk sac of the human embryo and then migrate to the 
liver. Hemopoiesis thus occurs in the liver of a fetus. The 


hemopoiesis: Gk. hayma, blood; povesis, production 
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stem cells then migrate to the bone marrow and, shortly after 
birth, the liver ceases to be a source of blood cell production. 

The term erythropoiesis refers to the formation of ery- 
throcytes, and leukopoiesis to the formation of leukocytes. 
These processes occur in two classes of tissues after birth. 
Myeloid tissue is the red bone marrow of the long bones, 
ribs, sternum, bodies of vertebrae, and portions of the skull. 
Lymphoid tissue includes the lymph nodes, tonsils, spleen, 
and thymus. The bone marrow produces all of the different 
types of blood cells, and the lymphocytes are also produced 
in the lymphoid tissue. 

Erythropoiesis is an extremely active process. It 1s es- 
timated that about 2.5 million erythrocytes are produced 
every second in order to replace those that are continuously 
destroyed by the spleen and liver. (Recall that the life span 
of an erythrocyte is approximately 120 days.) During the de- 
struction of erythrocytes, iron is salvaged and returned to 
the red bone marrow, where it is used again in the forma: 
tion of erythrocytes. Agranular leukocytes remain functional 
for L00 to 300 days under normal conditions. Granular 
leukocytes, by contrast, have an extremely short life span of 
12 hours to 3 days. 
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Description 


Erythrocyte Biconcave disc without nucleus; 
(red blood cell) contains hemoglobin; survives 
100-120 days 
Leukocytes 
(white blood cells) 
Granular leukocytes About twice the size of red blood 


1, Neutrophil 


2. Eosinophil 


cells; cytoplasmic granules present; 
Survive 12 hours to 3 days 


Nucleus with 2-5 lobes; cytoplasmic 
granules stain slightly pink 


Nucleus bilobed; cytoplasmic 
granules stain red in eosin stain 


3. Basophil Nucleus lobed; cytoplasmic granules 
Stain blue in hematoxylin stain 

| Agranular leukocytes Cytoplasmic granules absent; survive 
100-300 days 

} 1. Monocyte 2-3 times larger than red blood cell; 


| 
I 
| 2. Lymphocyte 


Platelet (thrombocyte) 


nuclear shape varies from round to 
lobed 


Only slightly larger than red blood 
Cell; nucleus nearly fills cell 


Cytoplasmic fragment; survives 


Number present 


eo ee 


4,000,000 to 6,000,000/mm3 


5000 to 10,000/mm3 


54%-62% of white cells 
present 


1%-3% of white cells present 


Less than 1% of white cells 
present 


3%-9% of white cells 
present 


25%—33% of white cells 
present 


250,000 to 450,000/mm! 


Function 


Transports oxygen and carbon dioxide 


Aid in defense against infections by 
microorganisms 


Phagocytic 


Helps to detoxify foreign substances; 
secretes enzymes that break down clots 


Releases anticoagulant heparin 


Phagocytic 


Provides specific immune response 
(including antibodies) 


Aids clotting 


5-9 days 


a The major purpose of a bone marrow transplantation 
is to provide competent hematopoietic stem cells to 
the recipient. If the bone marrow is returned to the 
same person, the procedure is called an 

autotransplantation. If the donor and recipient are different 
people, it is an allogeneic transplantation. 


Hemopoiesis begins the same way in both myeloid and 
lymphoid tissue (fig. 20.4). Undifferentiated (unspecialized) 
cells gradually differentiate (specialize) to become hemocy- 
toblasts. These are the stem cells that give rise to the blood 
cells. Hemocytoblasts can duplicate themselves by mitosis, 
thus ensuring that the parent population never becomes de- 
pleted. As the celly become differentiated, they develop 
membrane receptors for chemical signals that cause further 
development along particular lines. Hemocytoblasts may 
develop into proerythroblasts (which form erythrocytes), 
myeloblasts (which form granular leukocytes), lymphoblasts 
(which form lymphocytes), monoblasts (which form mono- 
cytes), or megakaryoblasts (which form thrombocytes). 

The production of different subtypes of lymphocytes 
is stimulated by chemicals called lymphokines, which are 
discussed as pare of the immune system In chapter 23. The 
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production of erythrocytes is stimulated by a hormone called 
erythropoietin, which is secreted by the kidneys. Erythro- 
poietin, a glycoprotein hormone containing 166 amino acids, 
stimulates cell division and differentiation of proeryth- 
roblasts in bone marrow. The secretion of erythropoietin by 
the kidneys is stimulated whenever the delivery of oxygen to 
the kidneys and other organs is lower than normal. Under 
these conditions—which can occur, for example, when a 
person lives at high altitude—the increased production of 
erythrocytes allows the blood to carry a higher concentration 
of oxygen to the tissues. 


_ Considering that the kidneys produce erythropoietin, 
and that erythropoietin 1s needed to stimulate 
erythrocyte production, itis not surprising that 
patients with kidney disease may also suffer {rom 
anemia. This anemia can now be treated by giving these 
patients human erythropoietin. This exciting therapeutic 
breakthrough was made possible by the commercial 
production of erythropoietin using cultured mammahan cells 
that had incorporated the human gene tor erythropoietin 
through genetic engineering techniques 


Circulatory System: Blood 
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Granular leukocytes Agranular leukocytes 


FIGURE 20.4 

The processes of hemopoiesis, Formed elements begin as 
hemocytoblasts and differentate into the vanous kinds of blood 
cells in accordance with the needs of the body, 
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Frythrocyte Antigens and Blood Typing 


All cells in the body contain certain molecules on their sur- 
faces that can be recognized as foreign by the immune system 
of another individual. These molecules are known as anti- 
gens. As part of the immune response, particular lympho- 
cytes secrete a Class of proteins called antibodies that bond 
in a specific fashion to antigens. The specificity of antibod- 
ies for antigens is analogous to the specificity of enzymes for 
their substrates, and of receptor proteins for neurotransmit- 
ters and hormones. A complete description of antibodies 
and antigens is provided in chapter 23. 


ABO System = The distinguishing antigens on other cells 
are far more varied than the antigens on red blood cells. Red 
blood cell antigens, however, are extremely important clin- 
ically because their types must be matched between donors 
and recipients for blood transfusions. Of the several groups 
of red blood cell antigens, the major group constitutes the 
ABO system. In terms of the antigens present on the red 
blood cell surface, a person may be type A (with only A anti- 
gens), type B (with only B antigens), type AB (with both A 
and B antigens), or type O (with neither A nor B antigens). 
It should again be noted that the blood type denotes the 
class of antigens found on the red blood cell surface. 

Each person inherits two genes (one from each par- 
ent) that control the production of the ABO antigens. The 
genes for A or B antigens are dominant genes, since O sim- 
ply means the absence of A and B. A person who is type A, 
therefore, may have inherited an A gene from each parent 
(may have the genotype AA), or an A gene from one parent 
and an O gene from the other (and thus have the genotype 
AO). Likewise, a person who is type B may have the geno- 
type BB or BO. It follows that a type O person inherited an 
O gene from each parent (has the genotype OO), whereas a 
type AB person inherited the A gene from one parent and 
the B gene from the other (there is no dominant-recessive 
relationship between A and B). 

The immune system ts tolerant to its own erythrocyte 
antigens. A person who is type A, for example, does not 
produce anti-A antibodies. Surprisingly, however, people 
with type A blood do make antibodies against the B anti- 
gen, and conversely, people with blood type B make anti- 
bodies against the A antigen. This ts believed to result from 
the fact that antibodies made in response to some common 
bacteria cross react with the A or B antigens. These anti- 
bodies are absent in the blood until 2 months after birth, 
lending support to this theory. A person ho is type A, 
therefore, acquires antibodies that can react with B anti- 
gens by exposure to these bacteria but does not develop an- 
tibodies thar can react with A antigens, since this ts 
Prevented by tolerance mechanisms. 


Downloaded from Durr-e-Danish, Library 


— 


‘ 


: Table o0.d _ The ABO system of antigens ne 
| _on erythrocytes 


Fors "eV A tere a — —_ — 


People who are type AB develop tolerance to both 
these antigens and thus do not produce either anti-A or anti- 
B antibodies. Those who are type O, by contrast, do not de- 
velop tolerance to either antigen and, therefore, have both 
anti-A and anti-B antibodies in their plasma (table 20.3). 


Transfusion Reactions Before transfusions are performed, 
a major crossmatch is made by mixing serum from the recip- 
ient with blood cells from the donor. If the types do not 
match—if the donor is type A, for example, and the recipt- 
ent is type B—the recipient's antibodies attach to the donor's 
erythrocytes and form bridges that cause the cells to clump 
together, or agglutinate (d-gloot ‘n-at) (fig. 20.5). Because of 
this agglutination reaction, the A and B antigens are some- 
times called agglutinogens, and the antibodies against them 
are called agglutinins. Transfusion errors that result in such 
agglutination in the blood can produce a blockage of small 
blood vessels and cause hemolysis, which may damage the 
kidneys and other organs. 

In emergencies, type O blood has been given to people 
who are type A, B, AB, or O. Since type O erythrocytes lack 
A and B antigens, the recipient's antibodies cannot cause 
agglutination of the donor red blood cells. Type O 1s, there- 
fore, a universal donor, but only as long as the volume of 
plasma donated is small, because plasma from a type O per- 
son would agglutinate type A, type B, and type AB erythro- 
cytes. Likewise, type AB people are universal recipients 
because they lack antiwe-A and anti-B antibodies and thus 
cannot agglutinate donor red blood cells. (Donor plasma 
could agglutinate recipient erythrocytes if the transfusion 
volume were too large.) Because of the dangers involved, 
the universal donor and recipient concept in blood transfu- 
sions is strongly discouraged. 


Rh Factor Another group of antigens found in most ery- 
throcytes is the Rh factor (Rh stands for rhesus monkey, in 
which these antigens were first discovered). People who 
have these antivens are said to be RA positive, whereas those 
who do not are Rh negative. There are fewer Rh negative 
people because this condition ts recessive to Rh positive. 
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C0) FIGURE 20.5 

The agglutination (clumping) of red blood cells occurs when cells 
with A-type antigens are mixed with anti-A antibodies and when 
cells with B-type antigens are mixed with anti-B antibodies. No 
agglutination would occur with type O blood (not shown). 


The Rh factor is of particular significance when Rh nega- 
tive mothers give birth to Rh positive babies. 

Since the fetal and maternal blood are normally kept 
separate across the placenta, the Rh negative mother ts not 
usually exposed to the Rh antigen of the fetus during the 
pregnancy. At the time of birth, however, a variable degree 
of exposure may occur, and the mother's immune system 
may hecome sensitized and produce antibodies against the 
Rh antigen. This does not always occur, however, because 
the exposure may be minimal and because Rh negative 
women vary in their sensitivity to the Rh factor. If the 
woman does produce antibodies against the Rh factor, these 
antibodies can cross the placenta in subsequent pregnancies 
and cause hemolysis of the Rh positive erythrocytes of the 
fetus. The baby is therefore born anemic, with a condition 
called erythrublastosis fetalis, or hemolyuc disease of the new- 
born. If this condition develops, treatment consists of re- 
moving the Rh positive blood of the fetus or newborn and 
infusing Rh negative blood. 

Erythrablastosis fetalis can he prevented by injecting 
the Rh negative mother with an antibody preparation 
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against the Rh factor (a trade name for this prepara- 
tion is RhoGAM—the GAM is short for gamma 
globulin, the class of plasma proteins in which anti- 
hodies are found) within 72 hours after the birth of 
each Rh positive baby. This 1s a type of passive im- 
munization in which the injected antibodies inacti- 
vate the Rh antigens and thus prevent the mother 
from becoming actively immunized to them. 


Blood Clotting 


Trauma toa blood vessel initiates a sequence of events that 
leads to the formation of a blood clot. These events require the 
presence of platelets and proteins called clotting factors in the 
plasma. Ulumately, an active enzyme called thrombin is 
formed, which catalyzes the conversion of {tbrinogen into 
insoluble threads of fibrin. 

When a blood vessel is injured, a number of physio- 
logical mechanisms are activated that promote he- 
mostasis, or the cessation of bleeding. Breakage of 
the endothelium of a vessel exposes collagen proteins 
from the subendothelial connective tissue to the 
blood. This initiates three separate, but overlapping, 
hemostatic mechanisms: (1) vasoconstriction, (2) the 
formation of a platelet plug, and (3) the production of 
a web of fibrin proteins around the platelet plug. 


Functions of Platelets 


In the absence of vessel damage, platelets are repelled from 
each other and from the endothelium of vessels. The repul- 
sion of platelets from an intact endothelium is believed to be 
due to prostacyclin, a derivative of prostaglandins, produced 
within the endothelium. Mechanisms that prevent platelets 
from sticking to the blood vessels and to each other are ob- 
viously needed to prevent inappropriate blood clotting. 
Damage to the endothelium of vessels exposes suben- 
dothelial tissue to the blood. Platelets are able to stick to ex- 
posed collagen proteins that have become coated with a 
protein (von Willebrand factor) secreted by endothelial cells. 
Platelets contain secretory granules; when platelets stick to 
collagen, they degranulate as the secretory granules release their 
products. These products include ADP (adenosine diphos- 
phate), serotonin, and a prostaglandin called thromboxane A). 
This event is known as the platelet release reaction. 
Serotonin and thromboxane A> stimulate vasocon- 
striction, which helps to decrease blood flow to the injured 
vessel. Phospholipids that are exposed on the platelet mem- 
brane participate in the activation of clotting factors. 


hemostasis: Gk. hasma, blood, stasis, a standing 


The release of ADP and thromboxane A> 
platelets that are stuck to exposed collagen makes other 
platelets in the vicinity “sticky,” so that they adhere those 
stuck to the collagen. The second layer of platelets, in turn 
undergoes a platelet release reaction, and the ADP l 
thromboxane A)? that are secreted cause 


from 


and 
additional platelets 
to aggregate at the site of injury. This produces a platelet 
plug in the damaged vessel, which is strengthened by the 
activation of plasma-clotting factors. 


z In order to undergo a release reaction, the production 
of prostaglandins by the platelets is required. Aspirin 
inhibits the cyclo-oxygenase enzyme that catalyzes 
the conversion of arachidonic acid (a cyclic fatty acid) 

into prostaglandins (see chapter 19), thereby inhibiting the 
release reaction and consequent formation of a platelet plug. 
Since platelets are not complete cells, they cannot regenerate 
new enzymes, and so the inhibited enzymes remain for the life 
of the platelets. The ingestion of excessive amounts of aspirin 
can significantly prolong bleeding time for several days, 
which is why blood donors and women in the last trimester of 
pregnancy are advised to avoid aspirin. Slight inhibition of 
platelet aggregation by low doses of aspirin, however, can 
significantly reduce the risk of atherosclerotic heart disease 
(described in chapter 21), and is often recommended for 
patients diagnosed with this condition. 


[lotting Factors: Formation of arin 


The platelet plug is strengthened by a meshwork of insolu- 
ble protein fibers known as fibrin (fig. 20.6). Blood clots 
contain platelets and fibrin, and they usually contain trapped 
erythrocytes that give the clot a red color (clots formed in ar- 
teries, where the blood flow is more rapid, generally lack 
erythrocytes and thus appear gray). Finally, contraction of 
the platelets in the process of clot retraction forms a more 
compact and effective plug (fig. 20.7). Fluid squeezed from 
the clot as it retracts is called serum, which ts plasma with- 
out fibrinogen (the soluble precursor of fibrin). 

The conversion of fibrinogen into fibrin may occur via 
either of two pathways. Blood left ina test tube will clot 
without the addition of any external chemicals; the path- 
way that produces this clot is thus called the intrinsic path- 
way. The intrinsic pathway also produces clots in damaged 
blood vessels when collagen is exposed to plasma. Damaged 
tissues, however, release a chemical that initiates a “shortcut” 
to the formation of fibrin. Since this chemical is not part of 
blood, the shorrer pathway ts called the extrinsic pathway. 

The intrinsic pathway ty initiated by the exposure of 
Plasma to a negatively charged surtace, such as that provided 
by collagen at the site of a wound or by the glass of a test 
tube This activates a plasma protein called factor XII (table 
20.4), which is a protemn-digesting enzyme (protease). Active 
factor XIfan turn activates another clocung factor, which 
activares yet another. The plasma-clotting factors are num 
hered in order of their discovery, Which does not reflect the 


actual sequence of reacthons 
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FIGURE 20.6 


A scanning electron micrograph showing threads of fibrin. 


Vessel injured 


Collagen of subendothelial connective tissue 
exposed to blood 
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} Platelet adhesion to collagen 


Release reaction—secreting ADP 
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Aggregation of platelets 


—_ Platelet plug 


FIGURE 20.7 
The sequence of events leading to platelet aggregation and the 
formation of a blood clot. 


The next steps in the reaction sequence require the 
presence of phospholipids, which are provided by platelets, 
and ionic calcium. These steps result in the conversion of an 
inactive enzyme, called prothrombin into the active enzyme 
thrombin. Thrombin converts the soluble protein fibrinogen 
into fibrin monomers. These monomers are yoined together 
to produce the insoluble tibrin polymers that form a sup- 
porting meshwork for the platelet plug. The intrinsic clotang 
sequence is shown on the right side of tigure 20.8. 

Fibrin can be tormed more quickly ay a result ot the re- 
lease of tissue thromboplastin trom damaged tissue cells. 


This extrinsic clorting pathway as shown on the lett side of 


figure 20.8. None that the intrinsic and extrinsic clotung 
pathways overlap; both resultin the activation of factor 
Xoand then the formation of thrombin, which converts 


fibrinogen to fibrin. 
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4 The plasma-clotting factors 


Table i 


‘FactorName Function Pathway 
Fibrinogen converted | common 
to fibrin 

— Prothrombin enzyme common 
Tissue thromboplastin cofactor extrinsic 
Calcium ions (Ca**) cofactor intrinsic, extrinsic, 

and common 

Proaccelerin cofactor common 
Proconvertin enzyme extrinsic 

_ Antihemophilic factor cofactor intrinsic 
Plasma thromboplastin enzyme intrinsic 

component; Christmas 


factor 
common 
intrinsic. 


* Note: There is no factor VI. 


Extrinsic pathway 


FIGURE 20.8 


The extrinsic and intrinsic clotting pathways that lead 
to the formation of insoluble fibrin polymers. 


Common 
pathway 


hemophilic and bleed severely when a vessel ts cut 
But why? After all, the extrinsic pathway 1s still 
~ available to them (see fig. 20.8). One explanation is 


\ People with a genetic deficiency in factor VIII] are 


that the intrinsic pathway is more important. Recent evidence 
suqgests why this may be true. The extrinsic pathway, though 
initiated first, may become blocked by the formation of an 
inhibitor When this occurs, additional activated factor X can 
be produced only through the intrinsic pathway 


Nissolution of blots 


As the damaged blood vessel wall is repaired, activated fac- 
tor XII promotes the conversion of another inactive mole- 
cule in plasma into the active form called kallikrein 
(ka “li-kre in). Kallikrein, in turn, catalyzes the conversion of 
inactive plasminogen into the active molecule called plas- 
min. Plasmin is an enzyme that digests fibrin into “split prod- 
ucts,” thus promoting dissolution of the clot. 


plasminogen activators are used clinically to promote 

dissolution of clots. An exciting recent development in 

genetic engineenng technology is the commercial 
availability of an endogenous compound, tissue plasminogen 
activator (TPA), which is the product of human genes 
introduced into bacteria. Streptokinase, a natural bacterial 
product, is a potent and more widely used activator of 
plasminogen. Streptokinase and TPA may be injected into the 
general circulation or injected specifically into a coronary 
vessel that has become occluded by a thrombus (blood clot). 


\ In addition to kallikrein, a number of other 


Intrinsic pathway 


Xill 
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Anticoagulants Clotting of the blood in te 
be prevented by the addition of citrate or ethyle 
raacetic acid (EDTA), both of which chelate (binds to) cal- 
cium. By this means Ca** levels in the blood that can 
participate in the clotting sequence are lowered, and clot- 
ting ts inhibited. A mucoprotein called heparin can 
added to the tube to prevent clotting. Heparin activates 


antithrombin HI, a plasma protein that combines with and 
inactivates thrombin. Heparin is given intravenously 


st tubes can 
nediaminetet- 


also be 


during 
certain medical procedures to prevent clotting. Patients 


may also be given coumarins (koo ‘ma- rinz) as anticoagu- 
lants. The coumarins prevent blood clotting by competing 
with vitamin Kk. 

Vitamin K is needed for the conversion of glutamic 
acid, an amino acid found within many of the plasma- 
clotting factors, into a derivative called gamma-carboxyg- 
lutamic acid. This derivative is more effective than glu- 
tamic acid at binding to Ca**, and such binding is needed 
for proper function of clotting factors I], VII, IX, and X. 
Because of the indirect action of vitamin K on blood clot- 
ting, coumarin must be given to a patient for several days 
to be effective. 


aa A number of hereditary diseases involve the clotting 
system. Examples of hereditary clotting disorders 
include two different genetic defects in factor VIII. A 
defect in one subunit of factor VIII prevents this 
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factor from participating in the intrinsic clotting pathway. 
This genetic disease, called hernophilia A. is an X-linked 
recessive trait thal is prevalent in the royal families of 
Europe. A defect in another subunit of factor VIII results in 
von Willebrand's disease. In this disease, rapidly circulating 
platelets are unable to stick to collagen, and a platelet plug 
cannot be formed. Some acquired and inherited defects in 
the clotting system are summarized in table 20.8 


Arterial Pressure Points and 


Control of Bleeding 


Because serious bleeding is life threatening, the principal first-aid 
concern is to stop loss of blood. The followmg are recommended steps 
in treating a victim who ts hemorrhaging 


1 To reduce the chance that the victim wall faint, lay the person 
down and slightly elevate his or her legs. If possible, elevate the 
site of bleeding above the level of the trunk. To minimize the 
chance of shock, cover the victim with a blanket. 


2 Without causing further trauma, carefully remove any dirt or 
debris from the wound. Do not remove any unpaling objects. This 
should be done at the hospital by trained personnel. 


3 Apply direct pressure to the wound with a 


SITS TTT 


I ! al es Px sterile bandage, clean cloth, or an article of 
aule Required and inherited defects in the clotting slotanw. 
' ———s mechanism and anticoagulant drugs ei eee 
—— 4 Maintain direct pressure until the bleeding 
ategory Cause of disorder Comments stops. Dress the wound with clean bandages or 
— 7 cloth hghtly bound in place. 
ired clotting Vitamin K deficiency Inadequate formation of prothron 


herited clotting © Hemophilia A 


ders and other clotting factors in 1 
Recessive trait carried on 


5 If the bleeding does not stop and continues 


to seep through the dressing, do not remove 
the dressing. Rather, place additional 


isorders 
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na 


(defective factor VIII aur) 


von Willebrand's disease 
(defective factor VIII ywe) 


Hemophilia B (defective 
factor 1X), also called 
Christmas disease 


Inhibits prostaglandin production, resulting in defective platelet 
release reaction 


Competes with the action of vitamin K 


Anticoagulants 


X chromosome; results in delayed 
formation of fibrin Gy 


Dominant trait carried on autosomal 
chromosome; impaired ability 
platelets to adhere to collagen in’ 
subendothelial connective tissue 


Recessive trait carried on X 
chromosome; results in delayed 
formation of fibrin 


absorbent material on top of wand continue to 
apply direct pressure. 


6 ifdirect pressure does not stop the 
bleeding, the pressure point to the wound site 
may need to he compressed. In the case of a 
severe wound to the hand, for example, 
compress the brachial artery against the 
humerus. Thiy should be done while pressure 
continues to be apphed to the wound itself, 


is Once the bleeding has stopped, leave the 
bandage in place and immobilize the injured 
hody part. Get the victim to the hospital or 
medical treatment center at once. 


Poe ee Pee eee eee eee eee eee eee ee 


von Willebrand s diesease from E A von Willebrand, Finnish 
physician, 1870-1949 


Circulatory System: Blood 


If direct pressure does not stop the bleeding, apply . 


Ss ari f . 
To stop bleeding, apply direct pressure to the wound 
e arterial pressure point while maintain); 


with a sterile hand: a pe ; 
sterile handage, clean cloth, or an article of clothing. pression to th 
rect pressure to the wound. 


Arterial pressure points 
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“me 
Heco NZI antl ] tI 2 Keep the victim warm and comfortable. If the weather is cold, 
Ib { l Ped Int place a blanket under and over the person. H the weather ts hot, 
Wing ® position the person in the shade on top of a blanket) Loosen tight 
\ Al mS af cnock collars, belts, or other restrictive clothing Do not give the person 

u anything to drink, even if he or she Complains of thirst 
3 Take precautions for internal bleeding or vomiting. If the 
victim has blood coming from the mouth, or if there is indication 


Shock 1s defined as the condition of the be 


ndy as tt responds to trauma or 


severe pain by dilation or relaxation of blood vessels, producing that the victim may vomit, position the person on his or her side 
circulatory failure. Symptoms of patients experiencing shock mclude the to prevent choking or inhaling the blood or vomitus. 
following. 


4 Treat injuries appropriately. If the victim is bleeding, treat 
accordingly (see arterial pressure points and control of bleeding). 


1 Skin. The skin is pale or gray ; : 
pale or gray, cool, and clammy. Immobilize fractures and sprains. Always be alert to the possibility 


2 Pulse. The heartbeat is weak and rapid. Blood pressure is of spinal injuries and take the necessary precautions. 


reduced, frequently to below me. > value > 
» freq y to below measurable values. 5 See that hospital care is provided as soon as possible. 


3 Respiration. The respiratory rate is hurried, shallow, and 
irregular. 


4 Eyes. The eyes are staring and lusterless. The pupils may be 
dilated. 


5 State of Being. The victim may be conscious or unconscious. 
If conscious, he or she ts likely to feel faint, weak, and confused. 
Frequently, the victim is anxious and excited. 


Most trauma victims will experience some degree of 
shock, especially if there has been considerable blood loss. 
Immediate first-aid treatment for shock is essential and in- 
cludes the following steps. 


Circulatory System: Blood 


1 Get the victim to lie down. Lay the person on his or her back 
with the feet elevated. This position maintains blood flow to the 
brain and may relieve faintness and mental confusion. Keep 
movement to a minimum. If the victim has sustained an injury in 
which raising the legs causes additional pain, leave the person flat 


on his or her back. 
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Chapter summary 


Functions and Components of the a. Veins carry blood to the heart; arteries 2. Hemopoiesis is the production of blood 
Circulatory System (pp 550-551) carry blood away from the heart. cells. 
het : . b. Blood flows from arterioles to a. Blood cells form from 
1. Blood transports oxygen and nutrients to capillaries, which transport the blood proerythroblasts, myeloblasts, 
the tissue cells and removes waste into venules. lymphoblasts, and megakaryoblasts. 
products from the tissues; it also serves a b. Production of erythrocytes is 
regulatory function through its transport Composition of the Blood (pp. 551-558) stimulated by the hormone 
of hormones. 1. Plasma is the fluid part of the blood, erythropoietin Development of 
a. Erythrocytes, or red blood cells, containing dissolved ions and various different kinds of leukocytes is 
transport oxygen. organic molecules. controlled by chemicals called 
b. Leukocytes, or white blood cells, a. Hormones are found in the plasma lymphokines. 
protect the body from disease. portion of the blood 3. The major blood-typing groups are the 
C. Platelets, or thrombocytes, help to b. The three types of plasma proteins are ABO system and the Rh system 
form blood clots albumins; globulins (alpha, beta, and a. Blood type refers to the kind of 
2. The circulatory system consists of the gamma); and fibrinogen. antigens found on the surtace of 
cardiovascular system (heart and blood : erythrocytes. 


vessels) and the lymphatic system. 
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b. When different types of blood are 
mixed, antibodies against the 
erythrocytic antigens cause the 
erythrocytes to agglutinate. 

c. A person with type 0 bload is the 
universal donor because that person's 
plasma does not contain antibodies 
against the A or B antigen. This 
concept ts of limited usefulness, 
however 

d. Because of potential agglutination 
reactions, blood types must be 
matched for blood transfusions. 


Review Activities 


Chapter Twenty 


4. 


Objective Questions 
1. 


Which of the following is the correct 

sequence of blood flow? 

a. arteries-capillaries-venules-arterioles- 
veins 

b. veins-venules-capillaries-arterioles- 
arteries 

c. Capillaries-arteries-arterioles-venules- 
veins 

d. arteries-arterioles-capillaries-venules- 
veins 

Which of the following is the safest to use 

in a transfusion of a person with type B 

blood? 

a. type O blood 

b. type A blood 

c. type B blood 

d. type AB blood 

Which of the following stem cells give 

rise to granular leukocytes? 

a. myeloblasts 

b. erythroblasts 

c. lymphoblasts 

d. megakaryoblasts 

Which of the following is an agranular 

leukocyte? 

a. eosinophil 

b. neutrophil 

c. basophil 

d. monocyte 


Blood Clotting (pp. 558-561) 


Li 


wo 


When a blood vessel is damaged, 
platelets adhere to the exposed 
subendothelial collagen proteins. 

3. Platelets that stick to collagen undergo 
a release reaction whereby they 
secrete ADP, serotonin, and 
thromboxane Ao. 

b. Serotonin and thromboxane Az cause 
vasoconstriction, ADP and 
thromboxane A> attract other platelets 
and cause them to adhere to the 
growing mass of platelets that are 
stuck to the collagen in the broken 
vessel. 


eee 
PPTUTTTTTrTrITryrrrreyrye UC a Eh de 


Hemoglobin is normally found in 

a. erythrocytes. 

b. plasma. 

c. granular leukocytes. 

d. agranular leukocytes. 

e. all of the above. 

Factor X is activated 

a. in the intrinsic pathway only. 

b. in the extrinsic pathway only. 

c. in both the intrinsic and extrinsic 
pathways. 

d. in neither the intrinsic nor the extrinsic 
pathway. 

Platelets 

a. forma plug by sticking to each other. 

b. release chemicals that stimulate 
vasoconstriction. 

c. provide phospholipids needed for the 
intrinsic pathway. 

d. all of the above apply. 

Antibodies against both type-A and type-B 

antigens are found in the plasma of a 

person who is 

a. type A. 

b. type B. 

c. type AB. 

d. type 0. 

e. all of the above apply. 


. Production of which of the following 


blood cells is stimulated by a hormone 
secreted by the kidneys? 

a. lymphocytes 

b. monocytes 


c. Inthe formation of a blood clot, 
soluble protein called fibrinogen ; 
converted by the enzyme thromp 
into insoluble threads of fibrin 

d. Thrombin is derived from its inact, 
precursor prothrombin by either 
intrinsic or an extrinsic pathway 


2. Dissolution of the clot eventually occ 


by the digestive action of plasmin. wv! 
cleaves fibrin into split products 


c. erythrocytes 
d. neutrophils 
e. platelets 


10. Which of the following statements about 


plasmin is true? 

a. Itis involved in the intrinsic clotting 
system 

b. It is involved in the extrinsic clotting 
system. 

c. It functions in fibrinolysis 

d. It promotes the formation of emboli 


Essay Questions 
. Describe hemopoiesis in general terms 


and state where the different types of 
blood cells are formed. 


. Describe the stages of erythrocyte 


production and the characteristics of a 
mature erythrocyte. Explain how 
erythropoiesis is regulated. 


. Describe the series of events that may 


culminate in hemolytic disease of the 
newborn. 


. Explain why agglutination occurs when 


different blood types are mixed together. 


. Explain how a cut in the skin initiates both 


the intrinsic and extrinsic clotting 
pathways. Which pathway finishes first? 
Why? 
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circulatory system 


: atructure of the Heart S66 


: Heart Wall 
: Chambers and Valves 
: Circulatory Routes 


: Cardiac Cycle, Heart Sounds, and the 
: flectrocardiogram 573 


: Pressure Changes during the Cardiac Cycle 
: Heart Sounds 

: Electrical Activity of the Heart 

: The Electrocardiogram 


: Blood Vessels 579 


: Arteries 
: Capillaries 
: Veins 


: Principal Arteries of the Body 583 

: Aortic Arch 

: Arteries of the Neck and Head 

: Arteries of the Upper Extremity 

: Branches of the Thoracic and Abdominal 

: Portions ofthe Aorta 

: Arteries of the Pelvis and Lower Extremity 


* Describe the location of the heart and its associated 
membranes. Also, describe the characteristics of the 


three layers of the heart wall. 

* Discuss the nature and significance of the fibrous 
skeleton of the heart. 

© List the chambers, valves, and associated vessels of 
the heart. 

* Trace the flow of blood through the heart and distinguish 
between the systemic and pulmonary circulations. 

° Describe the cycle of contraction and relaxation of the 
atria and ventricles. 


explain why it functions as the normal pacemaker. 
* Describe the conducting tissue of the heart, noting the 
pathway of electrical conduction 


Principal Veins of the Body $91 

Veins Draining the Head and Neck rd 
Veins of the Upper Extremity } 
Veins of the Thorax 

Veins of the Lower Extremity 

Veins of the Abdominal Region 

Hepatic Portal System 


Fetal Circulation G00 


Development of the Heart 


Clinical Considerations G09 


Electrocardiograph Leads ‘ 
Arrhythmias Detected by the Electrocardiogram 
Structural Heart Disorders 

Atherosclerosis 

Cholesterol and Plasma Lipoproteins 

Ischemic Heart Disease + 

Other Vascular Disorders 

Chapter Summary 608 

Review Activities 610 


© State the events that produce the ECG waves and 
correlate the ECG waves with the events of the cardiac 


© List the arterial branches of the ascending aorta and 
aortic arch and describe the arterial supply to the brain. 

© Describe the arterial pathways that supply blood to the 
upper extiemity thorax, abdomen, and lower extremity 

© Describe the venous drainage of the head, neck, and 


© Describe the venous drainage of the thorax, lower 
extremity, and abdomen. 

© State the vessels involved in the hepatic portal 
and explain the significance of this system. 
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Chapter Twenty-One 


DIrUGtUTe OF tHe Heart 


The heart contains four chambers. avo upper ania, which receive 
venous blood, and uco lower ventmeles, which eect blood mto artertes. 
The right ventricle pumps blood to the lings, where the blood becomes 
oxygenated, whereas the left ventricle pumps oxygenated blood to the 
enure body. The proper flow of blood within the heart is aided by two 


pairs of one-way calves, 


The heart is a hollow, four-chambered muscular organ, 
roughly the size of a clenched fist. It is located within the 
thoracic cavity between the lungs, in the region known as 
the mediastinum. About two-thirds of the heart ts left of the 
midline, with its apex, or cone-shaped end, pointing down- 
ward in contact with the diaphragm. The base of the heart is 
the broad superior end, where the large vessels attach. 
The heart is enclosed and protected by a loose- 
fitting, serous sac of dense regular connective tissue called 
the parietal pericardium (per 7 -kar ‘de-wn), or pericardial 
sac (fig. 21.1). The parietal pericardium separates the heart 
from the other thoracic organs and forms the wall of the 


FIGURE 21.1 | 


The position of the heart and associated serous 
membranes within the thoracic cavity 


Right lung 
(covered by 
visceral pleura) 
Right atnum 


Right ventncie 


Cut edge of 
panetal pleura 


Cut edge of panetal 
pencardium 


pencardial cavity, which contains a watery, lubricating peri- 
cardial fluid. The parietal pericardium ts actually composed 
of an outer fibrous layer and an inner serous layer. The 
serous layer secretes the pericardial fluid. 


r Pericarditis 1s an inflammation of the parietal 
\ pencardium accompanied by an increased secretion 
of pericardial fluid into the pericardial cavity 
~ Because the tough, fibrous portion of the parietal 
pericardium is inelastic, an increase in fluid pressure 
compresses the heart—a condition called cardiac 
tamponade—and impairs the movement of blood into and out 
of the heart. Some of the pericardial fluid may be withdrawn 
for analysis by injecting a needle to the left of the x:phoid 
process to pierce the panetal pericardium. 


Heart Wall 


The wall of the heart is composed of three distinct layers 
(table 21.1). The outer layer is the epicardium, also called 
the visceral pericardium. The space between this layer and 
the parietal pericardium is the pericardial cavity, just de- 
scribed. The thick middle layer of the heart is the myocar- 
dium. It is composed of cardiac muscle tissue arranged in 


Left atrium 


—_ Ribs (cul) 


Left ventricie 


Left lung 
(covered by visceral 
pleura) 


Apex of heart 


Diaphragm 


Downloaded from Durr-e-Danish Library 


B el] Layers of ei 


such a way that the contraction of the muscle bundles re- 
sults in squeezing or wringing of the heart chambers. The 
thickness of the myocardium varies in different chambers, 
depending on the force needed to eject blood. The thick- 
est portion therefore surrounds the left ventricle. The atrial 
walls are relatively thin. The inner layer of the heart, the 
endocardium, 1s continuous with the endothelium of blood 
vessels. The endocardium also forms part of the valves of 
the heart. Inflammation of the endocardium ts called 


endocarditis. 


Chambers and Valves 


The interior of the heart is divided into four chambers: 
upper nght and lett atria (singular, atrium) and lower nght 
and left ventricles. The atria contract and empty simulta 
Neously into the ventricles (fig. 21-2), which also contract 


Downloaded from Durr-e-Danish, Library 


Epicardium 


= 
‘Function 


Serves as lubricative 
outer covering 


Serous membrane including 
(visceral blood capillaries. lymph 
pericardium) capillaries, and nerve 

fibers 


7 
Provides muscular 
contractions that eject 
blood from the heart 
chambers _— 


Cardiac muscle tissue 
separated by connective 
tissues and including 
blood capillanes, lymph 
Capillaries, and nerve 
fibers 


Endothelial membrane and 
a thick subendothelal 
layer of elastic and 
collagenous fibers. 


Serves as protective 
inner lining of the 
chambers and valves 


in unison. The atria are separated by the thin muscular in- 
teratrial septum, while the ventricles are separated by the 
thick muscular interventricular septum. Left and right 
atrioventricular valves are located between the atria and 
ventricles, and aortic and pulmonary semilunar valves 
are present at the bases of the two large vessels leaving the 
heart. Heart valves maintain the flow of blood in one 
direction. 

Each atrium has a pouchhike extension, or appendage, 
thar as visible when the external surtace of the heart ts 
viewed. These appendages of the atria are the night and lett 
auricles. Grooved depressions on the surtace of the heart 
indicate the partitions between the chambers and also 


PTUTTTT LI 


auncle L. auricula, a \ittle ear 


Circulatory System 
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Aortic arch Ligamentum arteriosum 


nk 
Ascending aorta Pulmonary tru 


Branches of the 
right pulmonary artery 


Branches of the Left put i ad 


nght pulmonary veins 
Branches of the 
pulmonary veins 


Left atrium 
Superior vena cava 


pasa Left coronary artery 
ight atrium 
7 Circumfilex vessels 


Anterior interventricular 
artery 


Right coronary artery Great cardiac vein 


Right ventricle 


Left ventricle 


Inferior vena cava 


Apex of heart 
(a) 


Left common carotid artery 


Left subclavian artery Brachiocephalic trunk 


Aortic arch 
Superior vena cava 


Descending aorta 


Azygos vein 


Left pulmonary artery 


Right pulmonary artery 


Left pulmonary veins 


Right pulmonary veins 


Left atrium 


Postenor cardiac vein Right atrium 


Coronary sinus 


Left ventricle Inferior vena cava 


(b) Right venincie 
FIGURE 21.2 

The structure of the heart. (a) An anterior view, (b) a posterior 

view, and (c) an internal view 
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contain cardiac vessels that supply blood to the wall of the 
heart. The most prominent groove ts the atrioventricular 
groove, or coronary sulcus, that encircles the heart and 
marks the division between the atria and ventricles. The 
partition between right and lett ventricles is denoted by two 
(anterior and posterior) interventricular sulci. 

The following discussion follows the sequence 
blood flows through the structures of the atri 
and valves. 


in which 
a, ventricles, 


Right Atrium = The right atrium receives venous blood from 
the superior vena cava, which drains the upper portion of 
the body, and from the inferior vena cava, which drains the 
lower portion (fig. 21.2). There is an additional venous 
opening into the right atrium from the coronary sinus, 
which returns venous blood from the myocardium of the 
heart itself. 


Right Ventricle = Blood from the right atrium passes through 
the tricuspid valve to fill the right ventricle. The tricuspid 
valve is an atrioventricular (AV) valve that gets its name 


chordae tendineae: L. chorda, string; tendere, to stretch 


Superior vena cava 
Right pulmonary veins 
Pulmonary valve 


Right atrium 


Right atrioventricular valve 


Chordae tendineae 


Inferior vena cava 


(c) Right ventricle 


FIGURE 21.2 


Continued, 


Downloaded from Durr-e-Danish, Library 


Aortic arch 


Left pulmonary artery 


Pulmonary trunk 


re, Left pulmonary veins 


Left atrium 


from its three valve leaflets, or cusps. Each cusp is held in 
position by strong tendinous cords called chordae tendineae, 
which are secured to the ventricular wall by cone-shaped 
papillary muscles. These structures prevent the valves from 
everting, like an umbrella in a strong wind, when the ven- 
tricles contract. 

Ventricular contraction causes the tricuspid valve to 
close and the blood to exit the right ventricle through the 
pulmonary trunk and to enter the lungs through the right 
and left pulmonary arteries. The pulmonary semilunar valve 
lies at the base of the pulmonary trunk, where it prevents 
the backflow of ejected blood into the right ventricle. 


Left Atrium = After gas exchange has occurred within the 
capillaries of the lungs, oxygenated blood is transported to 
the left atrium through four branches of the pulmonary veins. 


Left Ventricle 9 The left ventricle receives blood trom the 
left atrium. These two chambers are separated by the bicus- 
pid, or mitral (mi‘tral), valve. When the left ventricle is re- 
laxed, the valve is open and allows blood to flow trom the 
atrium to the ventricle; when the left ventricle contracts, 
the valve closes. Closing of the valve during ventricular con- 
traction prevents backflow of blood into the atrium. 

The walls of the left 
ventricle are thicker than 
those of the right ventricle. 
The endocardium of both 
chambers is characterized by 
distinct ridges called tra- 
beculae = (tra-bek ‘yir-le) 
carneae (see fig. 21.2c) that 
reinforce the endocardium 
of the ventricles. Oxy- 
genated blood exits the left 
ventricle through theas- 
cending portion of the 
aorta (a-or ta). The aortic 


Aortic valve 


Cec ccccccccccccccccccccccscccece 
semilunar. L. semi, half: luna, moon 
mitral’ L. mitra, like a bishop's mitre 
trabeculae carneae: L. trabecula, small 
beams; carneus, flesh 


Left atrioventricular valve 


Papillary muscle 


interventricular septum 


Left ventricle 


Trabeculae 
carneae 


Circulatory System 
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Table cl. Valves of the heart 


Pulmonary semilunar 
valve 


Aortic semilunar 
valve 


semilunar valve, located at the base of the ascending aorta, 
closes as a result of the pressure of the blood when the left 
ventricle relaxes, and thus prevents backflow of blood into 
the relaxed ventricle. 

The valves are illustrated and their actions summa- 
rized in table 21.2. 


Fibrous Skeleton § The layer of dense connective tissue 
between the atria and ventricles is known as the fibrous 
skeleton of the heart. Bundles of myocardial cells (described 
in chapter 12) an the atria attach to the upper margin of 
this fibrous skeleton and form a single functioning unit, or 
myocardium. The myocardial cell bundles of the ventricles 
attach to the lower margin and form a different myo- 
cardium. As a result, the myocardia of the atria and ven- 
tricles are structurally and functionally separated from each 
other so that special conducting tissue ty needed to carry 
action potentials from the atria to the ventricles, as will be 
desermbed ina later section. The connective tissue of the 
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Valve 


Tricuspid valve 


Pulmonary 
semilunar valve 


Bicuspid (mitral) 
valve 


Aortic semilunar 
valve 


Location Comments 

Composed of three cusps 
that prevent a backflow 
of blood from right 
ventricle into right 
atrium during 
ventricular contraction 


Between right atrium 
and right ventricle 


Composed of three half- 
moon-shaped flaps that - 
prevent a backflow of 
blood from pulmonary 
trunk into right ventricle 
during ventricular ’ 
relaxation : 


Composed of two cusps 
that prevent a backflow 
of blood from left 
ventricle to left atrium 
during ventricular — 
contraction 


Composed of three 
moon-shaped fla; 
prevent a bi 


Entrance to pulmonary 
trunk 


Between left atrium 
and left ventricle 


Entrance to ascending 
aorta 


fibrous skeleton also forms rings, called annuli fibrosi, 
around the four heart valves, providing a foundation for 
the support of the valve flaps. 


Circulatory Routes 


Figure 21.3 illustrates the circulatory routes of the blood. 
The principal divisions of the circulatory blood flow are the 
pulmonary and systemic (sis-tem tk) circulations. 

The pulmonary circulation consists of blood vessels 
that transport blood from the right ventricle to the lungs 
for gas exchange and then to the left atrium of the heart. It 
includes the pulmonary trunk with its semilunar valve, the 
pulmonary arteries that transport hlood to the lungs, the 
pulmonary capillaries within each lung, and four pulmonary 
veins that transport oxygenated blood back to the heart. 

The systemic circulation is composed of all the re- 
maining vessels of the body that are not part of the pul- 
monary circulation. Itincludes the aorta with its semilunar 


} Superior vena cava 
? 
i 
5 
Capillaries 
Right atrium 
ets Right atrioventricular valve 


Right ventricle 


: Inferior vena 
cava 


Capillaries 


valve, all of the branches of the aorta, all capillaries other 
than those in the lungs, and all veins other than the pul- 
monary veins. The right atrium receives all the venous re- 
turn of oxygen-depleted blood from the systemic veins. 


Coronary Circulation 9 The myocardium ts supplied with 
blood by the right and left coronary arteries (fig. 21.4a). 
These two vessels arise from the aorta immediately beyond 
the aortic semilunar valve and encircle the heart within the 
atnoventricular sulcus. The left coronary artery gives rise CO 1S 
mayor branches, the anterior interventricular and circum- 
flex arteries, and the nght coronary gives rise to the posterior 
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Pulmonary arlery Lung 


Pulmonary vein 


Pulmonary valve 
Lett atnoventricular valve 
Aorlic valve 


Aorta 
Left ventncle 


Tissue Cells 


FIGURE 21.3 
A schematic diagram of the circulatory 
system 


interventricular and marginal arteries (figs. 21.4a and 21.5). 
The main trunks of the right and left coronaries anastomose 
(join together) on the posterior surface of the heart. 

From the capillaries in the myocardium, blood enters 
the cardiac veins. The two principal cardiac veins are the 
great cardiac vein and the middle cardiac vein (figs. 21.46 
and 21.5). These converge into a large venous channel on 
the posterior surface of the heart called the coronary sinus 
(figs. 21.4b and 21.5). The coronary venous blood then en- 
ters the heart through an opening into the right atrium. 
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circumflex L. circum, around, flectere, to bend 


Circulatory System 


Posterior 
interventricular artery 


Marginal artery 
& . va 


coronary artery 


Anterior 
interventricular artery 


| | 


Circumflex 
artery 


a Lett 


coronary artery 


—_ Ascending aorta | 


(a) 


Middle 
cardiac vein 


fo) FIGURE 21.4 
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9 
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3 
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a 

3] | | 
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sinus 
Right atrium 


(b) 


Ascending 
portion of aorta 


Aortic arch 


Superior vena cava Pulmonary trunk 


Right atrium Left atrium 


Right coronary 
artery 


: Anterior 
interventricular 


Marginal artery artery 


Left ventricle 


Posterior interventricular artery Right ventricle 


(a) 
FIGURE 21.5 


Coronary circulanon, (a) An anterior view of the arterial supply to 
the heart and (b) an anterior view of the venous drainage. 


Flowchart depicting the coronary circulation. (a) The 
arterial supply and (b) the venous drainage from the 
myocardium. 


: Aortic arch 
Superior vena 


cava 
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Cardiac Cycle, Heart Sounds. 


and the Electrocardiogram 


The two atria fill with blood and then contract simultaneously. This ts 
followed by the simultaneous contraction of both ventricles. which sends 
blood through the pulmonary and systemic circulations. The AV calves 
close when the ventricles contract and the semilunar valves close when 
the ventricles relax, producing the heart sounds. Contraction of the 
myocardium results from electrical excitation, which can be recorded as 
an electrocardtogram. 


The cardiac cycle refers to the repeating pattern of contrac- 
tion and relaxation of the heart. The contraction phase is 
called systole and the relaxation phase is called diastole. 
When these terms are used without reference to specific 
chambers, they refer to contraction and relaxation of the 
ventricles. It should be noted, however, that the atria also 
contract and relax. There is an atrial systole and diastole. 
Atrial contraction occurs toward the end of diastole, when 
the ventricles are relaxed; when the ventricles contract dur- 
ing systole, the atria are relaxed. 

The heart thus has a two-step pumping action. The 
right and left atria contract almost simultaneously, followed 
by contraction of the right and left ventricles about 0.1 to 
0.2 second later. During the time when both the atria and 
ventricles are relaxed, the venous return of blood fills the 
atria. The buildup of pressure that results causes the AV 
valves to open and blood to flow from atria to ventricles. It 
has been estimated that the ventricles are about 80% filled 
with blood even before the atria contract. Contraction of 
the atria adds the final 20% to the end-diastolic volume 
(EDV), which is the total volume of blood in the ventri- 


cles at the end of diastole. 


Interestingly. the blood contributed vy contraction of 

the atria does not appear to be essential for life. 

Elderly people who have atrial fibrillation (a 

condition in which the atria fail to contract) do not 
appear to have a higher mortality than those who have 
normally functioning atria. People with atrial fibrillation, 
however, become fatigued more easily during exercise 
because the reduced filling of the ventricles compromises the 
ability of the heart to sufficiently increase its output and blood 
flow during exercise. Cardiac output and blood flow during 
rest and exercise are discussed in chapter 22. 


Contraction of the ventricles in systole ejects about 
two-thirds of the blood that they contain—an amount called 
the stroke volume—leaving one-third of the initial amount 


Peewee ress ccceesseessseesesaeeee 
SyStole: Gk. systole, contraction 
diastole: Gk. diastole, prolonged or expansion 
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The relationship between the heart sounds and the left 
intraventricular pressure and volume. Closing of the AV valves 
occurs during the early part of contraction, when the 
intraventricular pressure rises prior to ejection of blood Closing 
of the semilunar valves occurs at the beginning of ventricular 
relaxation, just prior to filling. The first and second sounds thus 
appear during the stages of isovolumetric contraction and 
isovolumetric relaxation (iso = same). 


Volume (ml) 
S 


Heart sounds 


left in the ventricles as the end-systolic volume. The ven- 
tricles then fill with blood during the next cycle. At an av- 
erage cardiac rate of 75 beats per minute, each cycle lasts 
0.8 second; 0.5 second is spent in diastole, and systole takes 


0.3 second (fig. 21.6). 


Pressure Changes during the Cardiac Cycle 


When the heart is in diastole, pressure in the systemic ar- 
teries averages about 80 mmHg (millimeters of mercury). 
The following events in the cardiac cycle then occur. 


l As the ventricles begin their contraction the intraventricular 
pressure rises, Causing the AV valves to snap shut. At this time, 
the ventricles are neither being filled with blood (because the AV 
valves are closed) nor ejecting blood (because the intraventricular 
pressure has not risen sufficiently to open the semilunar valves). 
This ts the phase of tsovolumetnc contraction. 


2 When the pressure in the left ventricle becomes greater than the 
pressure In the aorta, the phase of eyection hegins as the semilunar 
valves open. The pressure in the left ventricle and aorta rises to 
about 120 mmHg (fig. 21.6) as the ventricular volume decreases. 


Circulatory System 
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3 As the pressure in the left ventricle falls below the 
pressure in the aorta, the back pressure causes the 
semilunar valves to snap shut. The pressure in the aorta 


falls to 80 mmHg, while pressure in the left ventricle falls 
to 0 mmblg. 


4 During isovolumemie relaxation, the AV and semilunar 
valves are closed and the ventricles are expanding. This 
Phase lasts until the pressure in the ventricles falls below 
the pressure in the atria. 


5 When the pressure in the ventricles falls below the 
Pressure in the atria, a phase of rapid filling of the 
ventricles occurs. 


6 Avial contraction (amal systole) empties the final 
amount of blood into the ventricles immediately prior to 
the next phase of isovolumetric contraction of the 
ventricles. 


Similar events occur in the right ventricle and 
pulmonary circulation, but the pressures are lower. 
The maximum pressure produced at systole in the 
right ventricle is 25 mmHg, which falls to a low of 
8 mmHg at diastole. 


Heart Sounds 


Closing of the AV and semilunar valves produces sounds that 
can be heard at the surtace of the chest with a stethoscope. 
These sounds are often described as “lub-dub.” The “lub,” or 
first sound, is produced by closing of the AV valves during 
isovolumetric contraction of the ventricles. The “dub,” or 
second sound, is produced by closing of the semilunar valves 
when the pressure in the ventricles falls below the pressure in 
the arteries. The first sound is thus heard when the ventricles 
contract at systole; the second sound ts heard when the ven- 
tricles relax at the beginning of diastole. 


m Heart sounds are of clinical importance because they 
provide information about the condition of the heart 
valves and other heart problems. Abnormal sounds 
are referred to as heart murmurs. Murmurs are caused 

by valvular leakage or other structural abnormalities that 
produce turbulence of the blood as it passes through the heart. 


The valves of the heart are positioned directly deep to 
the sternum, which tends to obscure and dissipate valvular 
sounds. For this reason, a physician will listen with a stetho- 
scope for the heart sounds at locations designated as valvular 
auscultatory areas, which are named according to the valve 
that can be detected (fig. 21.7). The aortic area is at the right 
second intercostal space near the sternum. The pulmonic area 
is directly across trom the aortic area at the left second in- 
tercostal space near the sternum. The oicuspid and bicuspid 
(mitral) areas are both at the fifth intercostal space, with the 
bicuspid area more laterally placed. Surface landmarks are 
extremely important in identifying auscultatory areas. 


Bicuspid (mitra!) 
area 


Lew 


FIGURE 21.7 
The valvular auscultatory areas are the routine stethoscope positions for 
listening to the heart sounds. 


Hectrical Activity of the Heart 


If the heart of a frog is removed from the body and all neural 
connections are severed, it will still continue to beat as long 
as the myocardial cells remain alive. The automatic nature 
of the heartbeat is referred to as automaticity. As a result of 
experiments with isolated myocardial cells and clinical ex- 
perience with patients who have specific heart disorders, 
many regions within the heart have been shown to be ca- 
pable of originating action potentials and functioning as 
pacemakers. 

In a normal heart, however, only one region demon- 
strates spontaneous electrical activity and by this means func- 
tions as a pacemaker. This pacemaker region is called the 
sinoatrial node, or SA node. The SA node is located in the 
right atrium near the opening of the superior vena cava. 


<a A number of abnormal conditions require the 

surgical implantation of an artificial pacemaker 

under the skin. This battery-powered device, about 

the size of a locket, stimulates or regulates 
contractions of the heart. The electrodes from the pacemaker 
are guided by means of a {luoroscope through a vein to the 
nght atrium, through the tricuspid valve, and into the right 
ventricle. The electrodes are fixed to the trabeculae carneae 
and are in contact with the myocardium of the ventricle 
When these electrodes deliver shocks, either at a continuous 
pace or on demand (when the heart's own impulse doesn't 
arnve on tune), both ventricles are depolarized and contract 
and then repolanze and relax—just as they do in response to 
endogenous stimulation. 
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FIGURE 21.8 


Pacemaker potentials and action potentials in the SA node. 


The cells of the SA node do not keep a resting mem- 
brane potential in the manner of resting neurons or skele- 
tal muscle cells. Instead, during the period of diastole, the 
SA node exhibits a spontaneous depolarization called the 
pacemaker potential. The membrane potential begins at 
about —60 mV and gradually depolarizes to —-40 mV, which 
is the threshold for producing an action potential in these 
cells. This spontaneous depolarization is produced by the 
diffusion of Ca** through openings in the membrane called 
slow calcium channels. At the threshold level of depolariza- 
tion, other channels—fast calcium channels—open, and Ca** 
rapidly diffuses into the cells. The opening of voltage- 
regulated Na* gates, and the inward diffusion of Na* that re- 
sults, may also contribute to the upshoot phase of the action 
potential in pacemaker cells (fig. 21.8). Repolarization ts 
produced by the opening of K* gates and outward diffusion 
of K*. Once repolarization to —60 mV has been achieved, a 
new pacemaker potential begins, culminating again, at the 
end of diastole, with a new action potential. 

Other regions of the heart, including the area around 
the SA node and the atrioventricular bundle (see fig. 
21.10), can potentially produce pacemaker potentials. The 
rate of spontaneous depolarization of these regions, how- 
ever, is slower than that of the SA node. Thus, potential 
pacemaker cells are stimulated by action potentials from 
the SA node before they can stimulate themselves through 
their own pacemaker potentials. If action potentials from 
the SA node are prevented from reaching these regions 
(through blockage of conduction), they will generate pace- 
maker potentials at their own rate and serve as sites for the 
origin of action porentials—they will function as pace- 
makers. A pacemaker other than the SA node is called an 
ectopic pacemaker, or an ectopic focus. From this discussion, 
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FIGURE 21.9 

An action potential in a myocardial cell from the ventricles. The 
plateau phase of the action potential is maintained by a slow 
inward diffusion of Ca‘’. Asa result, the duration of the cardiac 
action potential is about 100 times longer than that of the “spike 
potential” of an axon. 


it is clear that the rhythm set by an ectopic pacemaker is 
usually slower than that normally set by the SA node. 
Once another myocardial cell has been stimulated by ac- 
tion potentials originating in the SA node, it produces its own 
action potential. The majority of myocardial cells have resting 
membrane potentials of about 90 mV. When stimulated by ac- 
tion potentials from a pacemaker region, these cells become 
depolarized to threshold, at which point their voltage- 
regulated Na* gates open. The upshoot phase of the action 
potential of nonpacemaker cells ty due to the inward diffuston 
of Na’. Following the rapid reversal of the membrane polarity, 
the membrane potential quickly declines to about —10 to 
-20 mV. Unlike the action potential of other cells, however, 
this level of depolarization is maintained for 200-300 msec 
before repolarization (fig. 21.9). This plateau phase results from 
a slow inward diffusion of Cat*, which balances a slow out- 
ward diffusion of cations. Rapid repolarization at the end of 
the plateau phase ts achieved, as in other cells, by the opening 
of K* gates and the rapid outward diffusion of K* that results. 


Conducting Tissue of the Heart Action potentials that 
originate in the SA node spread to adjacent myocardial cells 
of the right and left atria through the gap junctions between 
these cells. Since the myocardium of the atria are separated 
from the myocardium of the ventricles by the tibrous skeleton 
of the heart, however, the impulse cannot be conducted di- 
rectly from the atria to the ventricles. Specialized conducting 
tissue, composed of modified myocardial cells, ty thus re- 
quired. These specialized myocardial cells form the AV node, 
atrioventricular bundle, and conduction myofibers. 
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FIGURE 21.10 


The conduction system of the heart. 


Once the impulse spreads through the atria, it passes to 
the atrioventricular node (AV node), which is located on 
the inferior portion of the interatrial septum (fig. 21.10). 
The AV node is smaller than the SA node, averaging 5 mm 
in length, 2. mm in width, and 0.5 mm in depth. From here, 
the impulse continues through the atrioventricular bundle 
(bundle of His), beginning at the top of the interventricular 
septum. This conducting tissue pierces the fibrous skeleton 
of the heart and continues to descend along the interven- 
tricular septum. The atrioventricular bundle divides into 
right and left bundle branches, which are continuous with 
the conduction myofibers, or Purkinje fibers, within the 
ventricular walls. Stimulation of these fibers causes both 
ventricles to contract simultaneously and eject blood into 
the pulmonary and systemic circulation. 


Conduction of the Impulse = Action potentials from the 
SA node spread very quickly—at a rate of 0.8 to 1.0 m/sec— 
across the myocardial cells of both atria. The conduction 
rate then slows considerably as the impulse passes into the 
AV node. Slow conduction of impulses (0.03-0.05 m/sec) 
through the AV node accounts for over half of the time delay 
between excitation of the atria and ventricles. After the im- 
pulses spread through the AV node, the conduction rate in- 


creases greatly in the atrioventricular bundle and reaches 
very high velocities (5 m/sec) in the conduction myofibers. 
Asa result of this rapid conduction of impulses, ventricular 
contraction follows the contraction of the atria by only about 
0.1 to 0.2 second, as mentioned earlier in the chapter. 


bundle of His: from Wilhelm His, Jr., Swiss physician, 1863-1934 
Purkinje fibers: from Johannes E von Purkinje, Bohemian anatomist, 1787-1869 
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FIGURE 21.11 

The time course for the myocardial action potential (A) is 
compared with the duration of contraction (B). Notice that the long 
action potential results in a correspondingly long absolute 
refractory period (ARP) and relative refractory period (RRP) 
These refractory periods last almost as long as the contraction, so 
that the myocardial cells cannot be stimulated again until they 
have completed their contraction from the first stimulus 


Unlike skeletal muscles, the heart cannot sustain a 
contraction. This is because the atria and ventricles behave 
as if each were composed of only one muscle cell. The entire 
myocardium of each 1s electrically stimulated as a single unit 
and contracts as a unit. This contraction, which corresponds 
in time to the long action potential of myocardial cells and 
lasts almost 300 msec, is analogous to the twitch produced 
by a single skeletal muscle fiber (which lasts only 20 to 
100 msec in comparison). The heart normally cannot be 
stimulated again until after it has relaxed from its previous 
contraction, since myocardial cells have long refractory peri- 
ods (fig. 21.11) that correspond to the long duration of their 
action potentials. Summation of contractions is thus pre- 
vented, and the myocardium must relax after each contrac- 


tion. The rhythmic pumping action of the heart is thus 
ensured. 


The Flectrocardiogram 


A pair of surface electrodes placed directly on the heart will 
record a repeating pattern of potential changes. As action 
potentials spread from the atria to the ventricles, the voltage 
measured between these two electrodes will vary in a way 
that provides a “picture” of the electrical activity of the 
heart. By changing the position of the recording electrodes, 
the observer can gain a more complete picture of the elec’ 
trical events. 
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The body is a good conductor of electricity because tis- 
sue fluids contain a high concentration of ions that move 
(creating a current) in response to potential differences. Po- 
tential differences generated by the heart are thus conducted 
to the body surface, where they can be recorded by surface 
electrodes placed on the skin. The recording is called an 
electrocardiogram (ECG or EKG) (fig. 21.12); the record- 
ing device is called an electrocardiograph. 

Each cardiac cycle produces three distinct ECG waves, 
designated P, QRS, and T. It should be noted that these 
Waves are not action potentials; they represent changes in 
potential hetween two regions on the surface of the heart. 
These potential differences are produced by the composite 
effects of action potentials in many myocardial cells. For ex- 
ample, the spread of depolarization through the atria causes 
a potential difference that is indicated by an upward de- 
flection of the ECG line. When about half the mass of the 
atria is depolarized, this upward deflection reaches a maxi- 
mum value because the potential difference between the de- 
Polarized and unstimulated portions of the atria is ata 
maximum, When the entire mass of the atria ts depolarized, 
the ECG returns to baseline because all regions of the atria 
have the same polarity. The spread of atrial depolarization 
thus creates the P wave. 

Conduction of the impulse into the ventricles similarly 
Creates a potential difference that results ina sharp upward 


FIGURE 21.12 

The electrocardiogram indicates the conduction of 

electrical impulses through the heart (a) and measures 

and records both the intensity of this electncal activity : 
(in millivolts) and the time intervals involved (b). ; 
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deflection of the ECG line, which then returns to the base- 
line as the entire mass of the ventricles hecomes depolarized. 
The spread of the depolarization into the ventricles ts thus 
represented by the QRS wave. The atria repolarize during 
this period, but the event is hidden by the greater depolar- 
ization occurring in the ventricles. Finally, repolarization of 
the ventricles produces the T wave (fig. 21.13). 


the beginning of the Q wave, which is the beginning 
of the QRS complex of waves, is known as the PR 
interval. This is a measure of the time required for the 
impulse to pass through the AV node. Damage to the AV 
node, therefore, can cause this interval to be prolonged. A PR 
interval greater than 0.20 second indicates first-degree AV 
node block. If the PR interval becomes too great, the ORS and 
T waves may not follow a given P wave, and may only appear 
with every second or third P wave. This condition 1s called 
second-degree AV node block. The condition of third-degree 
AV node block occurs when none ol the atnal waves enter the 
ventricles In this case, the ventncles beat according toa 
slower rhythm set by an ectopic pacemaker in the ventricles 

A depression in the ST segment of the ECG m 1y indicate 
myocardial ischemia, or lack of sufficient blood flow to the 
heart muscle This may not be evident at rest but m 1y appear 
when the metabolism of the hearts increased dunng 
exercise For this reason, an ECG may be performed while a 
person is walking on a treadmill Some other abnormal 
conditions that may be detected by an ECG are described in 
“Chmical Considerahons’ at the end of this chapter 


\ The time interval from the beginning of the P wave to 


- 
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Correlation of the ECG with Heart Sounds = Depolarization 
of the ventricles, as indicated by the QRS wave, stimulates 
contraction by promoting the uptake of Cat? into the re- 
gions of the sarcomeres. The QRS wave ts thus seen to occur 
at the beginning systole. The rise in intraventricular pressure 
that results causes the AV valves to close, so that the first 
heart sound (S;, or lub) is produced immediately after the 


ORS wave (fig. 21.14). 


+L 
+4 


4 
+ 


(0 FIGURE 21.13 


The conduction of electrical impulses in the heart, as indicated by 
the electrocardiogram (ECG). The direction of the arrows in 

(e) indicates that depolarization of the ventricles occurs from the 
inside (endocardium) out (to the epicardium), whereas the arrows 


in (g) indicate that repolarization of the ventricles occurs 1n the 
opposite direction. 


Repolarization of the ventricles, as indicated by the T 
wave, occurs at the same time that the ventricles relax at the 
beginning of diastole. The resulting fall in intraventricular 
pressure causes the aortic and pulmonary semilunar valves to 
close, so that the second heart sound (S>, or dub) is produced 
shortly after the T wave in an electrocardiogram begins. 
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The thick muscle layer of arteries allows them to transmit blood under 
high pressure ejected from the heart, and the elastic recoil of the large 
arteries further contributes to blood flow. The thinner muscle layer of 
veins allows them to distend to accommodate an increasing blood 
volume, and their one-way valves ensure that blood flows back to the 
heart. Capillaries are composed of only a single layer of endotheluam 
that allows water and other molecules to move across the capillary 
walls, thus permitting exchanges between the blood and ussue fluid. 


The walls of arteries and veins are composed of three lay- 
ers, or tunics. The outermost layer is the tunica externa, 
the middle layer is the tunica media, and the inner layer is 
the tunica intima. The tunica externa is composed of loose 
connective tissue. The tunica media is composed primarily 
of smooth muscle. The tunica intima consists of three parts: 
(1) an innermost simple squamous epithelium, the endothe- 
lium (en“do-the ‘le-um), which lines the lumina of all blood 
vessels; (2) the basement membrane of the endothelium, 


overlying some connective tissue fibers; and (3) a layer ot 


elastic fibers, or elastin, forming an internal elastic lamina. 
Although arteries and veins have the same basic struc- 
ture (fig. 21.15), there are some important differences be- 
tween the two types of vessels. Arteries have more muscle for 
their diameters than do comparably sized veins; hence, ar- 
teries appear rounder than veins in cross section. Veins are 


COO R ee ww wees er sesee nese reese esse ee 


tunic: L. tunica, covering or Coat 
endothelium: Gk endo, within; thelium, to cover 
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usually partially collapsed because they are not usually filled 
to capacity. In addition, many veins have valves, which are 
absent in arteries. 


Arteries 


The aorta and other large arteries contain numerous layers of 
elastin fibers between smooth muscle cells in the tunica 
media. These large arteries expand when the pressure of the 
blood rises as a result of the heart's contraction; they recoil, 
like a stretched rubber band, when blood pressure falls dur- 
ing relaxation of the heart. This elastic recoil helps to pro- 
duce a smoother, less pulsatile flow of blood through the 
smaller arteries and arterioles. 

The small arteries and arterioles are less elastic than 
the larger arteries and have a thicker layer of smooth muscle 
in proportion to their diameters. Unlike the larger elastic 
arteries, therefore, the smaller muscular arteries retain al- 
most the same diameter as the pressure of the blood rises 
and falls during the heart’s pumping activity. Since arteri- 
oles and small muscular arteries have narrow lumina, they 
provide the greatest resistance to blood flow through the ar- 
terial system. 

Small muscular arteries that are 100 pm or less in di- 
ameter branch to form smaller arterioles (20 to 30 um in di- 
ameter). In some tissues, blood from the arterioles can enter 
the venules directly through arteriovenous anastomoses 
(G-nas “t6-mo ‘séz). In most cases, however, blood from arte- 
tioles passes into capillaries (fig. 21.16). Capillaries are the 
narrowest of blood vessels (7 to 10 um in diameter), and 
serve as the “business end” of the circulatory system in which 
exchanges of gases and nutrients between the blood and the 
tissues occur. 


Capillaries 


The arterial system branches extensively (table 21.3) to de- 
liver blood to billions of capillaries in the body. The exten- 
siveness of these branchings is indicated by the fact that 
nearly all tissue cells are located within a distance of only 
60 to 80 pm of a capillary and by the fact that capillaries 
provide a total surface area of 1000 square miles for ex- 
changes between blood and tissue fluid. 

Despite their large number, capillaries contain only 
about 250 ml of blood at any time, out of a total blood vol- 
ume of about 5000 ml (most is contained within veins). The 
amount of blood flowing through a particular capillary bed 
is determined in part by the action of the precapillary 


sphincter muscles. These muscles allow only 5% to 10% of 


anastomosis Gk anastomoo, to furnish with a mouth (coming together) 
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= the capillary beds in skeletal muscles, for example, to be 
open at rest. Blood flow to an organ ts regulated by the ac- 
tion of these precapillary sphincters and by the degree of re- 
sistance to blood flow as determined by the constriction or 


dilation of the small arteries and arterioles in the organ. 


Characteristics ofthe — 
vascularsupplytothe — 
mesenteries in a dog (patter 
issimilarina human) | 


Unlike the vessels of the arterial and venous systems, 
Diameter Number the walls of capillaries are composed of only an endothe- 
(mm) lium, which is one cell layer thick (fig. 21.17). The absence 
of smooth muscle and connective tissue layers permits a 
more rapid rate of transport of materials between the blood 


and the tissues. 


Types of Capillaries [Different organs have different types 
of capillaries, which are distinguished by significant dif- 
ferences in structure. In terms of their endothelial lining, 


1800 
0.02 40,000,000 
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these capillary types include those that are continuous, 
those that are discontmuous, and those that are fenestrated 
(fen i-stra “tid). 

Continuous capillaries are those in which adjacent 
endothelial cells are closely joined together. These are found 
in muscles, lungs, adipose tissue, and in the central nervous 
system. The fact that continuous capillaries in the CNS lack 
intercellular channels contributes to the blood-brain. bar- 
rier. Continuous capillaries in other organs have narrow in- 
tercellular channels (about 40 to 45 A in width) that permit 
the passage of molecules other than protein between the 


Source: Data from Malcolm S. Gordon, Animal Physiology: capillary blood and tissue fluid. 
Principles and Adaptations, 3d ed., Macmillan Publishing 
Company. Copyright © 1977 by Malcolm S. Gordon 
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FIGURE 21.17 

An electron micrograph of a capillary in the heart. Notice the thin 
intercellular channel (middle left) and the capillary wall, 
composed of only one cell layer. Arrows show some of the many 


pinocytic vesicles. 


Examination of endothelial cells with an electron mi- 
croscope has revealed the presence of pinocytotic vesicles, 
which suggests that the intracellular transport of material 
may occur across the capillary wally. This type of transport 
appears to be the only mechanism of capillary exchange 
available within the CNS and may account, in part, for the 
selective nature of the blood-brain barrier. 

The kidneys, endocrine glands, and small intestine 
have fenestrated capillaries, characterized by wide inter- 
cellular pores (800 to 1000 A) that are covered by a layer 
of muceprotein, which may serve as a diaphragm. In the 
bone marrow, liver, and spleen, the distance between en- 
dothelial cells ts so great that these discontinuous capillar- 
ies appear as simuesoids (little cavities) in the organ. 


Veins 


Most of the total blood volume ts contained in the venous 
system. Unlike arteries, which provide resistance to the flow 


To heart 


Contracted — 24 i 
skeletal 


Toheart muscles 


Valve 


j closed 


Vein 


Relaxed 
skeletal 
muscles 


FIGURE 21.18 


The action of the one-way venous valves. Contraction of skeletal! 
muscles helps to pump blood toward the heart, but is prevented 
from pushing blood away from the heart by closure of the venous 
valves. 


of blood from the heart, veins are able to expand as they ac- 
cumulate additional amounts of blood. The average pres- 
sure in the veins is only 2 mmHg, compared to a much 
higher average arterial pressure of about LOO mmHg. These 
values, expressed in millimeters of mercury, represent the 
hydrostatic pressure that the blood exerts on the walls of 
the vessels. 

The low venous pressure is insufficient to return blood 
to the heart, particularly from the lower limbs. Veins, how 
ever, pass between skeletal muscle groups that produce 4 
Massaging action as they contract (fig. 21.18). As the veins 
are squeezed by contracting skeletal muscles, a one-way flow 
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of blood to the heart is ensured by the pre 
valves. The ability of these valves to prevent the flow of 
blood away from the heart was demonstrated in the seven- 
teenth century by William Harvey (see fig. 1.4). After 
plying a tourniquet to a subject’s arm, Harve 


sence of venous 


ap- 
y found that he 
could push the blood in a bulging vein toward the heart but 
not in the reverse direction. 


The effect of the massaging action of skeletal muscles 

on venous blood flow is often described as the 

skeletal muscle pump. The rate of venous return to 

the heart is dependent, in large part, on the action of 
skeletal muscle pumps. When these pumps are less active, as 
when a person stands still or is bedridden, blood accumulates 
in the veins and causes them to bulge. When a person is more 
active, blood returns to the heart at a faster rate and less is left 
in the venous system. 


= The accumulation of blood in the veins of the legs 
over a long period of time, as may occur in people 
with occupations that require standing still all day, 
can cause the veins to stretch to the point where the 
venous valves are no longer efficient. This can produce 
varicose (var '1-kos) veins. As a person walks, the movements 
of the foot activate the soleus muscle pump. This effect can be 
produced in bedridden people by upward and downward 
manipulations of the feet. 


Action of the skeletal muscle pumps aid the return of 
venous blood from the lower limbs to the large abdominal 
veins. Movement of venous blood from abdominal to tho- 
racic veins, however, is aided by an additional mechanism— 
breathing. When a person inhales, the diaphragm—a 
dome-shaped muscular sheet separating the thoracic and ab- 
dominal cavities—contracts. As it contracts, it moves infe- 
riorly and flattens out, so that it protrudes more into the 
abdomen. This has the dual effect of increasing the pressure 
in the abdomen, thus squeezing the abdominal veins, and 
decreasing the pressure in the thoracic cavity. The pressure 
difference in the veins created by this inspiratory movement 
of the diaphragm forces blood into the thoracic veins that re- 
turn the venous blood to the heart. 


inal 
Ju 


The aorta ascends from the left ventricle, arches to the left, and 
descends through the thorax and abdomen. Branches of the aorta carry 
Oxygenated blood to all the cells of the body. 


ntoy riae 


| 


i Gi Gu 


The principal arteries of the body are shown in figure 
21.19. We will describe them by region and identify them 
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in order from largest to smallest, or as the blood flows away 
from the left ventricle of the heart. The major systemic 
artery is the aorta, from which all the primary systemic ar- 
teries arise. 


Aortie Arch 


Contraction of the left ventricle forces oxygenated blood 
into the arteries of the systemic circulation. The systemic 
vessel that ascends from the left ventricle of the heart is 
called the ascending portion of the aorta. The right and 
left coronary arteries are the only branches that arise 
from the ascending aorta. The aorta arches to the left and 
posteriorly over the pulmonary arteries as the aortic arch 
(fig. 21.20). Three vessels arise from the aortic arch: the 
brachiocephalic (bra “ke-o-sé-fal ik) trunk, the left com- 
mon carotid (kai-rot‘id) artery, and the left subclavian 
artery. 

The brachiocephalic trunk, as its name suggests, sup- 
plies blood to the arm and head on the right side of the 
body. It is a short vessel rising superiorly through the me- 
diastinum to a point near the junction of the sternum and 
the right clavicle. There it bifurcates into the right com- 
mon carotid artery, which extends to the right side of the 
neck and head, and the right subclavian artery, which car- 
ries blood to the right upper extremity. Note that the bra- 
chiocephalic trunk is unpaired; the left common carotid 
artery and left subclavian artery, unlike the right, arise 
directly from the aortic arch. 


Arteries of the Head and Nech 


The common carotid arteries course upward in the neck 
along either lateral side of the trachea (fig. 21.21). Sev- 
eral small vessels arise from the common carotid artery to 
supply blood to the larynx, thyroid, anterior neck muscles, 
and lymph glands of the neck. The common carotid artery 
bifurcates into the internal and external carotid arteries 
slightly below the angle of the mandible. By pressing gent- 
ly in this area, you can detect your pulse. At the base of 
the internal carotid artery, near the bifurcation, is a slight di- 
lation called the carotid sinus. The carotid sinus contains 
blood pressure receptors called baroreceptors. Surrounding 
the carotid sinus are chemoreceptors (ke “mo-re-sep ‘torz) 
within the carotid body that respond to changes in blood 
gas concentrations. 


PPR TUE 


carotid: Gk. karotikos, stupetying (a state thal can be induced by finger pressure in the 
region of the carotid sinus) 


Circulatory System 


Carotid sinus 
' Rt. vertebral a 


Rt. subclavian a 


6 Axillary a 


Internal thoracic a. 


toes Brachial a 


Descending portion of aorta 
; 1 Ulnar a 
; Radial a 
Common iliac a 
Internal iliac a 
External iliac a 


Testicular a 


Chapter Twenty-One 


Deep femoral a 


Femoral a 


Popliteal a 


Postenor tinral a 


Anterior tibial a 


FIGURE 21.19 


Pnncipal arteries of the body (a, = artery; aa. = arteries), 
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Right common carotid a. 


Right internal jugular v 


ae 
Bea 


Brachiocephalic trunk 


Right subclavian a 
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FIGURE 21.20 


The structural relationship between the major arteries and veins 
to and from the heart (v. = vein; vv. = veins). 


Blood Supply to the Brain) The brain is supplied with ar- 
terial blood that arrives through four vessels that eventu- 
ally unite on the inferior aspect of the brain surrounding the 
pituitary gland (fig. 21.22). The four vessels are the paired 
internal carotid arteries and the paired vertebral arteries. 
The value of having four separate vessels that anastomose 
(come together) at one location is that, if one becomes oc- 
cluded, the three alternate routes may allow for an adequate 
blood supply to the brain. 

The vertebral arteries arise from the subclavian arter- 
ies at the base of the neck (see fig. 21.21). They pass supe- 
riorly through the transverse foramina of the cervical 
vertebrae and enter the skull through the foramen magnum. 
Within the braincase, the two vertebral arteries unite fo 
form the basilar artery at the level of the pons. The basilar 
ascends along the interior surface of the brain stem and ter- 
Minates hy forming two posterior cerebral arteries, which 


supply the posterior portion of the cerebrum. The posterior 


communicating arteries are branches that arise trom the 


Posterior cerebral arteries and participate in forming the 
cerebral arterial circle (circle of Willis) around the pitu- 
itary gland. 


Left common carotid a 


—_——_—______ Left internal jugular v 
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—— 
a 
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The internal carotid artery branches from the common 
carotid artery and ascends in the neck until it reaches the 
base of the skull, where it enters the carotid canal of the 
temporal bone. Several branches arise from the internal 
carotid artery once itis on the inferior surtace of the brain. 
Three of the more important ones are the ophthalmic 
(of-thal mik) artery, which supplies the eye, and the ante- 
rior and middle cerebral arteries, which provide blood to 
the cerebrum. The internal carotid arteries are connected 
to the posterior cerebral arteries at the cerebral arterial cir- 


cle (fig. 21.23). 


Blood Supply to the Head and Neck = The external carotid 
artery gives off several branches as it extends upward along 
the side of the neck and head (see fig. 21.21). The names 
of these branches are determined by the areas or structures 
thar they serve. The principal vessels that arise from the ex- 
ternal carotid artery are the superior thyroid, ascending 
pharyngeal, lingual, facial, occipital, and posterior auric- 
ular arteries. 

The external caroud artery terminates ata level near 
the mandibular condyle by dividing into maxillary and 
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FIGURE 21.21 
Arteries of the neck and head. 
(a) Major branches of the right 
common carotid and right 
subclavian arteries. (b) A 
radiograph of the head 
following a radiopaque 
injection of the arteries. 
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FIGURE 21.22 
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Circulatory System 


Arteries that supply blood to the brain. (a) An inferior view of the 
brain and (b) a close-up view of the region of the pituitary gland. 


superficial temporal arteries. Pulsations through the tem- 
poral artery can be easily detected by placing your finger- 
tips immediately in front of the ear at the level of the eye. 
This vessel is frequently used by anesthesiologists to check a 


patient's pulse rate during surgery. 


Arteries of the Upper Extremity 


The right subclavian artery branches off the brachio- 
cephalic trunk, and the left subclavian artery arises directly 
from the aortic arch (see fig. 21.19). Each subclavian artery 
passes laterally deep to the clavicle, carrying blood toward 
the arm (fig. 21.24). From each subclavian artery arises a 
vertebral artery that carries blood to the brain (already de- 
scribed), as well as a short thyrocervical trunk and an in- 
ternal thoracic artery. 

The subclavian artery becomes the axillary (ak ‘st- 
lar“e) artery as it passes into the axillary region, Several 
small branches arise from the axillary artery and supply blood 
to the tissues of the upper thorax and shoulder region. 


The brachial (bra‘ke-al) artery is the continuation of 
the axillary artery through the brachial region. The brachial 
artery courses on the medial side of the humerus, where it 
is. a major pressure point and the most common site for de- 
termining blood pressure. A deep brachial artery branches 
from the brachial artery and curves posteriorly near the ra- 
dial nerve to supply the triceps brachit muscle. Two addi- 
tional branches from the brachial, the anterior and posterior 
humeral circumflex arteries, form a continuous ring of ves- 
sels around the proximal portion of the humerus to supply 
surrounding muscles. 

The brachial artery bifurcates into the radial and ulnar 
arteries, which supply blood to the forearm and a portion 
of the hand and digits. The radial artery is important as a 
site for recording the pulse near the wrist. Important 
branches from the radial and ulnar arteries are the radial re- 
current artery and the ulnar recurrent artery, which course 
superiorly and anastomose with a branch of the brachial 


artery around the elbow joint. 
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FIGURE 21.24 


An antenior view of the major arteries of the upper extremity. 


The radial and ulnar arteries anastomose with each 
other to form two arches in the hand, the deep palmar arch 
and the superficial palmar arch. Branches from the palmar 
arches form digital arteries that extend into the fingers. The 
path of blood flow from the subclavian artery to the digital 
arteries is summarized in figure 21.25. 


Branches of the Thoracic and Abdominal 
Portions of the Aorta 


The thoracic portion of the aorta ts a continuation of the 
aortic arch as it descends through the thoracic cavity to the 
diaphragm. This large vessel gives off many branches, in- 
cluding the pericardial, bronchial, esophageal (2s if “a-je“al), 
Posterior intercostal, and superior phrenic (fren ‘ik) arter- 
ies. These vessels are summarized according to their loca- 
tion and function in table 21.4. 

The abdominal portion of the aorta ts the segment of 


the aorta between the diaphragm and the level of the fourth 
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_ FIGURE 21.25 
_ The path of arterial blood flow from the subclavian artery to 
~ the digital arteries of the fingers. 
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lumbar vertebra. The first branches of the abdominal aorta 
are the paired inferior phrenic arteries. Next, the large 
celiac (se ‘le-ak) trunk arises and divides immediately into 
three arteries: the splenic, left gastric, and the common he- 
patic arteries (fig. 21.26). 

Other unpaired arteries are the superior mesenteric 
and the inferior mesenteric arteries. Other paired arteries 
include the renal, suprarenal, and gonadal (testicular or 
ovarian) arteries. The organs supplied by these vessels are 
indicated in table 21.4. 


Arteries of the Pelns and lower Extremity 


The abdominal aorta terminates in the posterior pelvic area by 
dividing into the right and left common iliac (il ‘e-ak) arteries. 
These vessels pass downward approximately 5 em and termi- 
nate by dividing into the internal and external iliac arteries. 


Circulatory System 
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Table ol.4 Segments and branches of the aorta 


Segment Arterial branch 


of aorta 


General region 
or organ served 


| Saat on et ee ee Ss 


Ascending portion Right and left coronary aa. 
of aorta 
Aortic arch Brachiocephalic trunk 


Right common carotid a. 


Right subclavian a. 
Left common carotid a. 
Left subclavian a. 


Pericardial aa. 
Posterior intercostal aa. 


Thoracic portion 
of aorta 


Bronchial aa. 
Superior phrenic aa. 
Esophageal aa. 


Inferior phrenic aa. 
Celiac trunk 


Abdominal portion 
of aorta 


Common hepatic a. 
Left gastric a 
Splenic a. 

Superior mesenteric a. 


Suprarenal aa. 

Renal aa. 

Gonadal aa. 
Testicular aa. 
Ovarian aa. 

Inferior mesenteric a 


Common iliac aa. 
External iliac aa. 
Internal iliac aa. 


Heart 
Right side of head and neck 


Right shoulder and right upper extremity 
Left side of head and neck 
Left shoulder and left upper extremity 


Pericardium of heart 
Intercostal and thoracic 
muscles, pleurae 


Bronchi of lungs 

Superior surface of diaphragm 
Esophagus 

Inferior surface of diaphragm 


Liver, upper pancreas, duodenum 
Stomach, esophagus 
Spleen, pancreas, stomach 


Small intestine, pancreas, 
cecum, appendix, ascending and 
transverse colons 


Suprarenal (adrenal) glands 
Kidneys 


Testes 
Ovaries 


Transverse, descending, and 
sigmoid colons; rectum 


Lower extremities 
Genital organs, gluteal muscles 


ee eS 


The internal iliac artery has extensive branches to sup- 
ply arterial blood to the gluteal muscles and the organs of 
the pelvic region (fig. 21.27). Branches of the internal ihac 
artery include the iliolumbar, lateral sacral, middle rectal, 
vesicular (to the urinary bladder), uterine and vaginal, 
gluteal, obturator, and internal pudendal (to the external 
venitalia) arteries. 

The external thac artery gives off nwo branches (the 
inferior epigastric and deep circumflex iliac arteries) before 


exiting the pelvic cavity beneath the inguinal ligament (fz: 
21.27). Once through the inguinal canal, the external thac 
artery becomes the femoral artery (fiz. 21.28). 

The femoral artery passes through an area called the 
femoral triangle on the upper medial portion of the thigh (fit 
21.29). At this point, the femoral artery as close to the surtace 
and is an important arterial pressure point (see page 562). Sev" 
eral vessels arise trom the femoral artery, including the deep 
femoral and the lateral and medial femoral circumflex artet” 
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(a) 


FIGURE 21.26 
An anterior view of the abdominal aorta and its 
principal branches. In (a) the abdominal viscera have 


been removed and in (b) they are intact. 


ies. The femoral artery becomes the popliteal (pi ip lite “al) 
artery as it passes across the posterior aspect of the knee. 
- Hemorrhage can be a serious problem in many 


accidents. To prevent a victim from bleeding to death, 
essure to 


it is important to know where to aF ply pr 
ae flow of blood. The arterial pressure points 


curtail th 
hial artery on the medial side 


for the appendages are the brac 
ery in the groin (see the section 


of the arm and the femoral art 
{ Bleeding” in chapter 


Arterial Pressure Points and Control 
20) Firmly applied pressure to these regions greatly 
diminishes blood flow to traumatized areas be low. A 
lourniquet may have to be ay phed if bleeding is hfe 
threatening and if other, safer methods have pr ved 


inellective 


The popliteal artery supplies small branches to the knee 
joint and then divides into an anterior tibial artery and pos- 
terior tibial artery (fig. 21.28). Acthe ankle, the anterior ab- 
tal artery becomes the dorsal pedal artery, which serves the 
foot and then contributes to the formation of the plantar 
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Left gastric a. 
Splenic a. 


Left gastroepiploic a. 


mesenteric a. 


arch. The posterior tibial artery gives off the large peroneal 
(per “O-ne‘al) artery and then, at the ankle, the posterior ub- 
ial bifurcates into the lateral and medial plantar arteries. The 
lateral plantar artery anastomoses with the dorsal pedal artery 
to form the plantar arch in an artenal arrangement similar to 
that of the hand. Digital arteries arise from the plantar arch 
to supply the toes with blood. 


Principal Veins of the Body 


After systemic blood has passed through the ussues and tts oxygen ts 


depleted, it retemns through vems of mereasing diameters to the right 
annam of the heart 
In the venous portion of the systemic circulation, blood 


flows from smaller vessels into larger ones, so that a vein re- 


es smaller tributaries instead of giving off branches as 


cel 
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Arteries of the pelvic region. 


an artery does. The veins from all parts of the body converge 
into two mayor vessels that empty into the right atrium: the 
superior and inferior vena cavae. Veins are more numer- 
ous than arteries and are both superticial and deep. Superfi- 
cial veins venerally can be seen just beneath the skin and 
are clinically important in drawing blood and giving injec- 
tions. Deep veins are close to the principal arteries and are 
usually similarly named. As with arteries, veins are named 
according to the region in which they are found or the organ 
thar they serve (when a vein serves an organ, it drains blood 
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away from it). The principal systemic veins of the body are 
illustrated in figure 21.30, 


Veins Draining the Head and Neck 


Blood from the scalp, portions of the face, and the superficial 
neck regions is drained by the external jugular veins (fiz: 


jugular: L. jugu/um, throat or neck 
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FIGURE 21.28 
Arteries of the nght lo 
(b) a posterior view. 
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FIGURE 21.29 


The femoral triangle. 


21.31). These vessels descend on either lateral side of the 
neck and drain into the right and left subclavian veins, 
which are located just behind the clavicles. 

The paired internal jugular veins drain blood from 
the brain, meninges, and deep regions of the face and 
neck. The internal jugular veins are larger and deeper 
than the external jugular veins. They arise from numer- 
ous cranial venous sinuses, which constitute a series of 
both paired and unpaired channels within the dura mater. 
The venous sinuses, in turn, receive venous blood from 
the cerebral, the cerebellar, the ophthalmic, and the 
meningeal veins. 

The internal jugular vein passes inferiorly down the 
neck, adjacent to the common carotid artery and the vagus 
nerve. The internal jugular on each side empties into the 
subclavian vein, and the union of these two vessels forms 
the large brachiocephalic vein on each side. The two bra- 


Superficial epigastric artery 


Femoral ring 
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Adductor longus muscle 


Gracilis muscle 


Great saphenous vein 


chiocephalic veins merge to form the superior vena cava, 
which drains into the right atrium of the heart (see fig. 
21.30). 


Veins of the Upper Extremity 


The upper extremity has both superficial and deep venous 
drainage (fig. 21.32). The superficial veins are highly vari- 
able and form an extensive network just below the skin. The 
deep veins accompany the arteries of the same region and 
are given similar names: the radial, ulnar, brachial, and ax- 
illary veins are the major examples. 

The main superficial vessels of the upper extremity are 
the basilic vein and the cephalic vein. In the cubital fossa of 
the elbow, the superficial median cubital vein connects the 
cephalic vein on the lateral side with the basilic vein on the 
medial side. The median cubital vein is commonly punc- 
tured to obtain blood samples for clinical tests. Both the 
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FIGURE 21.30 


Principal veins of the body. Superficial veins are depicted in the 
left extremities and deep veins in the right extremities, 
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Veins that drain the head and neck. Venous sinuses Superior 


ophthalmic v. 
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lemporal v 


Occipital v. 
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jugular v 
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thyroid v. 
Internal 
jugular v. 
Right axillary v EA ei t Right brachiocephalic v. 
FIGURE 21.32 
An anterior view of the veins that drain ‘ 
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basilic and the cephalic veins drain into the axillary vein ( Radial v. Ulnar v. 
in the shoulder region. This pattern of circulation is sum- 
marized in figure 21.33. 
The superior vena cava, formed by the union of the two 
P ee ae aay : ad, Deep and 
brachiocephalic veins, empties venous blood from the heac superficial palmet 
arches 


neck, and upper extremities directly into the right atrium 
of the heart. These large vessels lack the valves that are 
characteristic of most other veins in the body. In addition 
to receiving blood from the brachiocephalic veins, the su- 
Pperior vena cava collects blood from the azygos (az ‘T-gos) 
system of veins arising from the posterior thoracic wall (fig. 
21.34). This system includes the azygos, ascending lumbar, 
intercostal, accessory hemiazygos, and hemiazygos veins. 


Veins of the Lower Entremity 


The lower extremities, like the upper, have both a deep and 


( Digital veins 


FIGURE 21.33 
Venous return of blood from the head and the upper 
extremity to the heart. 


vein. The femoral vein receives blood from the deep femoral 
vein near the groin and then becomes the external iliac vein 


a superficial group of veins (fig. 21.35). The deep veins ac- 

company corresponding arteries and have more valves than 

do the superficial veins. 
The deep veins include the posterior and anterior tib- 


ial veins that originate in the foot and course upw ard to the 


hack of the knee, where they merge to form the popliteal 
Vein. Just above the knee, this vessel becomes the femoral 


as it passes under the inguinal ligament. The external iliac 
merges with the internal iliac vein at the pelvic and genital 
regions to form the common iliac vein. At the level of the 


azygos. Gk. a, without, 2ygon. yoke 
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Right and left brachiocephalic w, 
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FIGURE 21.34 


Inferior thyroid vv 
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Veins of the thoracic region. (The lungs and heart have been removed.) 


fifth lumbar vertebra, the right and left common iliacs unite 
to form the large inferior vena cava (fig. 21.35). 

The superficial veins of the lower extremity are the small 
and great saphenous (si-fe nus) veins. The small saphenous 
vein arises from the lateral side of the foot and empties into 
the popliteal vein behind the knee. The great saphenous vein 
is the longest vessel in the body. It originates at the arch of the 
foot and ascends superiorly along the medial aspect of the leg 
and thigh before draining into the femoral vein. 


Veins of the Abdominal Region 


The inferior vena cava parallels the abdominal aorta on the 
right side as it ascends through the abdominal cavity to pen- 
etrare the diaphragm and enter the right atrium (see fig. 
21.30). Iris the largest vessel of the body in diameter and 
is formed by the union of the two common thac veins drain- 
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ing the lower extremities. As the inferior vena cava ascends 
through the abdominal cavity, it receives tributaries from 
veins that correspond in name and position to arteries pre- 
viously described. 


Hepatic Portal System 


In a portal system, one capillary bed is located downstream 
from another. Venous drainage from the first capillary bed ts 
delivered into the second, and venous drainage from the 
second ts delivered tinally into the general circulation. In 
the hepatic portal system, blood from the intestines, pam 
creas, spleen, stomach, and gallbladder is drained by veins 
and delivered to the liver. Blood from the liver, in turn, & 
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FIGURE 21.35 
Veins of the lower extremity. (a) Superticial veins, medial and 
posterior aspects and (b) deep veins, medial view. 
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FIGURE 21.36 


The hepatic portal system. 


drained by hepatic veins that empty into the inferior vena 
cava (fig. 21.36). The essential aspect of the hepatic portal 
system is that the absorbed products of digestion must first 
pass through the liver to be processed before they can enter 
the general circulation. 

The hepatic portal vein is the large vessel that receives 
blood from the digestive organs. It is formed by a union 
of the superior mesenteric vein, which drains nutrient-rich 
blood from the small intestine, and the splenic vein. The 
splenic vein drains the spleen but is enlarged because of a 
convergence of four tributaries: (1) the inferior mesen- 
teric vein, (2) the pancreatic vein, (3) the left gas- 
troepiploic vein, and (4) the right gastroepiploic vein. 
Three additional veins empty directly into the hepatic 
portal vein. These are the night and lett gastric veins and 
the cystic vein. 

It is important to note that the sinusoids of the liver 
receive blood from two sources: the hepatic artery and the 


as 
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Left gastric v 
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Right gastroepiploic v 
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hepatic portal vein. The hepatic artery carries oxygen and 
the hepatic portal vein transports nutrient-rich blood from 
the small intestine for processing. Liver cells can thus mod- 
ify the chemical composition of the venous blood that enters 
the general circulation from the GI tract. The nature of 
these modifications is discussed in detail in chapter 26. 


Oxygen and nutnents are supplied to the fetus by the placenta mstead of 
by the fetal lings and gastromtestinal mract. Fetal circulation ts adapuve 
to these conditions. 


SOPs eee eeeeesereeeseneeeeeereeees 


gastroepiploic. Gk. gastros. stomach, epiplein, to float on (referring to greater 
omentum) 
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FIGURE 21.37 
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Fetal circulation. (Arrows indicate the direction of blood flow.) 


The circulation of blood through a fetus is necessarily dif- 
ferent from blood circulation in a newborn (fig. 21.37). 
This is because oxygenation of the blood, the procure- 
ment of nutrients, and the elimination of metabolic wastes 
occur through the placenta instead of through the organs 
of the fetus. 

The umbilical cord serves as the connection between 
tus. It includes one umbilical vein 


es. Oxygenated and nutrient-rich 


blood flows from the placenta to the fetus in the umbilical 
vein. At the inferior surface of the liver, this vein bifur- 
cates. One branch joins with the hepatic portal vein and 


the other branch, called the ductus venosus, 
ferior vena cava. Thus, oxygenated blood from the placenta 
lood returning from the lower ex- 
icenters the heart. The umbil- 


fetus that carries 


the placenta and the fe 
and two umbilical arteri 


enters the in- 


is mixed with venous b 
tremities of the fetus before 
ical vein, then, is the only vessel of the 


fully oxygenated blo« vd. 
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The inferior vena cava empties into the right atrium 
of the fetal heart. Instead of going into the right ventricle, 
however, most of the blood passes from the right atrium 
into the left atrium through the foramen ovale, an open- 
ing between the two atria. The small amount of blood 
that does enter the right ventricle and is pumped into the 
pulmonary trunk is largely diverted by a short ductus ar- 
teriosus directly into the aortic arch, thereby bypassing 
the lungs. 

The foramen ovale and ductus arteriosus therefore 
shunt blood away from the pulmonary circulation and into 
the systemic circulation. This 1s essential because the func- 
tion of gas exchange ts not performed by the fetal lungs, but 
rather by the placenta. Blood ts delivered to the placenta 
by the two umbilical arteries, which arise from the internal 


iliac arteries. 


Circulatory System 
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The remarkable development 
of the heart requires only 6 to 
7 days. Heart development is first apparent at 
day 18 or 19 in the cardiogenic (kar ‘‘de-o- 
jen ik) area of the mesoderm layer. A small 
paired mass of specialized cells called heart 
cords form here. Shortly after, a hollow center 
develops in each heart cord, and each 
structure is then referred to as a heart tube 
The heart tubes begin to migrate toward each 
other during day 21 and soon fuse to form a 
single median endocardial heart tube. During 
this time, the endocardial heart tube 
undergoes dilations and constrictions so that 
when fusion is completed during the fourth 
week, five distinct regions of the heart can be 
identified. These are the truncus arteriosus, 
bulbus cordis, ventricle, atrium, and sinus 
venosus (fig. 1). 

Major changes occur in each of the five 
primitive dilations of the developing heart 
during the week-and-a-half embryonic period 
beginning in the middle of the fourth week. 
The truncus arteriosus differentiates to form a 
partition between the aorta and the pulmonary 
trunk. The bulbus cordis is incorporated in the 
formation of the walls of the ventricles. The 
sinus venosus forms the coronary sinus and a 
portion of the wall of the right atrium. The 
ventricle is divided into the right and left 
chambers by the growth of the interventricular 
septum. The atrium is partially partitioned into 
right and left Chambers by the septum 
secundum. An opening between the two alria 
called the foramen ovale persists throughout 
{etal development but normally closes at birth. 
This opening is covered by a flexible valve, 
which permits blood to pass from the right to 
the left side of the heart. 


cardiogenic: Gk. kardia. heart genesis. be born (origin) 
ventricle. L. ventricu/us, diminutive of venter, belly 
atrium: L. atrium, chamber 


Fusing 


Unfused heart tubes 


heart tubes 


Aortic arches 


Truncus 
arteriosus 


Bulbus cordis 


Ventricle 


Sinus venosus 
Vitelline vein 


Umbilical vein 


Aortic 
arches 


Truncus 
arteriosus 


Bulbus 
cordis 


Ventricle 
venosus 


Anterior 
Posterior 


vein Waldrop 


FIGURE 1 


Formation of the heart chambers. (a) The heart tubes fuse 
during days 2] and 22. (b) The developmental chambers 
are formed during day 23. (c) Differential growth causes 
folding between the chambers dunng day 24, and 
vessels are developed to transport blood to and from the 
heart. The embryonic heart generally has begun 
rhythmic contractions and pumping blood by day 25. 


Table e145 Cardiovascular structures of the fetus and changes in the neonate 


Structure Location 


wares 


Umbilical vein Connects the placenta to the liver; 
.: forms a major portion of 
& umbilical cord 


Ductus venosus Venous shunt within the liver to 
connect with the inferior vena cava 


men ovale Opening between the right and left 
atria 
“Ta 
a 
Ductus arteriosus Between pulmonary trunk and 


Function 


Transports nutrient-rich, oxygenated 
blood from the placenta to the fetus 


Transports oxygenated blood directly 
into the inferior vena cava 


Acts as a shunt to bypass the 
pulmonary circulation 


Acts as a shunt to bypass the 


Fate in neonate 


Forms the round ligament of the liver 


Forms the ligamentum venosum, a 
fibrous cord in the liver 


Closes at birth and becomes the fossa 
ovalis, a depression in the interatrial 
septum 


Closes shortly after birth, atrophies, 


aortic arch 


Arise from i 


Changes occur in the cardiovascular system at birth. 
The foramen ovale, ductus arteriosus, ductus venosus, and 
the umbilical vessels are no longer necessary. The foramen 
ovale abruptly closes with the first breath of air because the 
reduced pressure in the right side of the heart causes a flap to 
cover the opening. The constriction of the ductus arteriosus 
occurs gradually over a period of about 6 weeks after birth as 
the vascular muscle cells constrict in response to the higher 
oxygen concentration in the postnatal blood. The remaining 
structure of the ductus gradually atrophies and becomes the 
ligamentum arteriosum (see fig. 21.20). The fate of the unique 
fetal cardiovascular structures is summarized in table 21.5. 


; 
U 


al Considerations 


MI 


flectrocardiograph Leads 
There are two types of electrocardiograph recording elec- 
trodes, or “leads.” The bipolar limb leads record the volt- 
age hetween electrodes placed on the wrists and legs. These 
hipolar leads include lead I (right arm to left arm), lead I 
(right arm to left leg), and lead HI (ete arm to left leg). In 
the unipolar leads, voltage is recorded between a single “ex- 
Ploratory electrode” placed on the body and an electrode 
thatas built into the electrocardiograph and maintained at 
Zero potential (ground). 

The unipolar limb leads are placed on the right arm, 
left arm, and left leg, and are abbreviated AVR, AVL, and 
AVF, respectively. The unipolar chest leads are labeled 


’ 


ere 
I through 6, starting from the midline position (fig. - 1.38). 
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pulmonary circulation 


and becomes the ligamentum 
arteriosum 


There are thus a total of 12 standard ECG leads that “view” 
the changing pattern of the heart's electrical activity from 


different perspectives (table 21.6). Use of a number of leads 
is important because certain abnormalities are best seen with 
some and may not be visible at all with others. 


Arrhythmias Detected by the Hectrocardiogram 


Arrhythmias, or abnormal heart rhythms, can be detected 
and described by the abnormal ECG patterns they produce. 
Although the proper clinical interpretation of electrocar- 
diograms requires knowledge of technical information not 
covered in this chapter, some knowledge of abnormal 
rhythms is interesting in itself and is useful in understanding 
normal physiology. 

Since a heartbeat occurs whenever a normal QRS com- 
plex is seen, and since the ECG chart paper moves ata 
known speed so that its x-axis indicates time, the cardiac 
rate (beats per minute) can easily he obtained from the ECG 
recording. A cardiac rate slower than 60 beats per minute 
indicates bradycardia (brad “i-kar‘de-@); a rate faster than 
100 beats per minute is described as tachycardia. 


Both bradycardia and tachycardia can occur 
normally. Endurance-trained athletes, for example, 
commonly have a slower heart rate than that of the 
general population. This athlete's bradycardia occurs 
as a result of higher levels of parasympathetic inhibition of 
the SA node and is a beneficial adaptation. Activation of the 
sympathene division of the ANS during exercise or 
emergencies causes a normal tachycardia to occur 


bradycardia Gk bradys slow kardia. heart 
tachycardia Gk. fachys. rapid Aardia. heart 
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Right arm 


FIGURE 21.38 

The placement of the bipolar 
limb leads and the 
exploratory electrode for the 
unipolar chest leads in an 
electrocardiogram (ECG). 
(RA = right arm; LA = left 
arm: LL = left leg.) 


IA TC TRS See eo 


L Table el.6 Plecirocardicgraph (ECG) eee 


Aa PRETO Tk 


Name of lead Placement of electrodes 

Bipolar limb leads 

| Right arm and left arm 

iH Right arm and left leg 

f Il Left arm and left leg 

Unipolar limb leads 

AVR Right arm . | 

AVL Left arm : | 
Left leg >i 


4th intercostal space right of sternum 
4th intercostal space left of sternum 


\ 
ft arm ye 
Le 


| ame 


Waldrop 


Abnormal tachycardia occurs when 
a person is at rest. This may result from 
abnormally fast pacing by the atria due 
to drugs, or it may result from the de- 
velopment of abnormally fast ectopic 
pacemakers—cells located outside the 
SA node that assume a pacemaker func- 
tion. This abnormal atrial tachycardia 
thus differs from normal “sinus” (SA 
node) tachycardia. Ventricular tachycar- 
dia results when abnormally fast ectopic 
pacemakers in the ventricles cause them 
to beat rapidly and independently of the 
atria (fig. 21.39). This is very dangerous 
hecause it can quickly degenerate into a 
lethal condition known as ventricular 


fibyillation. 


Ventricular Fibrillation Fibrillation is 
caused by a continuous recycling of elec- 
trical waves through the myocardium. 
Normally, recycling is prevented because 
the myocardium enters a refractory per 
riod simultane: usly at all regions. If some 
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Ventricular tachycardia 


Sinus Tachycardia 
(a) 


FIGURE 21.39 


In(a) the heartbeat is paced by the normal pacemaker—the SA 
node (hence the name sinus rhythm). This can be abnormally 

slow (bradycardia—46 beats per minute in this example) or fast 
(tachycardia—136 beats per minute in this example). Compare 


cells emerge from their refractory periods before others, how- 
ever, electrical waves can be continuously regenerated and 
conducted. The recycling of electrical waves along contin- 
uously changing pathways produces uncoordinated con- 
traction and an impotent pumping action. These effects can 
be produced by damage to the myocardium. 

Fibrillation can sometimes be stopped by a strong elec- 
tric shock delivered to the chest, a procedure called electri- 
cal defibrillation. The electric shock depolarizes all the 
myocardial cells at the same time, causing them to enter a re- 
fractory state. The conduction of random, recirculating im- 
pulses thus stops, and—within a short time—the SA node 
can begin to stimulate contraction in a normal fashion. Al- 
though this does not correct the initial problem that caused 
the abnormal electrical patterns, it can keep a person alive 
long enough to take other corrective measures. 


Structural Heart Disorders 


Congenital heart problems result from abnormalities in em- 
bryonic development and may be attributed to heredity, nu- 
tritional problems of the pregnant mother, or viral infections 
such as rubella. Congenital heart diseases occur in approxt- 
mately 3 of every 100 births and account for about 50% of 
early childhood deaths. 

Heart murmurs are both congenital and acquired. 
Nearly 10% of all people have heart murmurs, but most are 
not clinically significant. In general, three basic conditions 
cause murmurs: (1) valvular insufficiency, in which the cusps 
of the valves do not form a tight seal; (2) stenosts, in which 
the walls surrounding a valve are roughened or constricted; 
and (3) turbulence of the blood moving through the heart dur- 
ing heavy exercise. This last condition produces functional 
Murmurs, which are common in children; they are not con- 
sidered pathological. 


Ventricular fibrillation 
(b) 


the pattern of tachycardia in (a) with the tachycardia in (b). 
Ventricular tachycardia is produced by an ectopic pacemaker in 
the ventricles. This dangerous condition can quickly lead to 
ventricular fibrillation, also shown in (b). 


A septal defect is rhe most common type of congeni- 
tal heart problem. An atrial septal defect, or patent fora- 
men ovale, is a failure of the fetal foramen ovale to close 
after birth. A ventricular septal defect is caused by an ab- 
normal development of the interventricular septum. Pul- 
monary stenosis is a narrowing of the opening into the 
pulmonary trunk from the right ventricle. It may lead to a 
pulmonary embolism and is usually recognized by extreme 
lung congestion. A patent ductus arteriosus is a failure of 
the ductus arteriosus to close after birth, allowing a backflow 
of blood into the pulmonary circulation from the aortic 
arch. 

The tetralogy of Fallot (fig. 21.40) is a combination 
of four defects within a newborn and immediately causes a 
cyanotic condition, leading to the newborn being termed a 
“blue baby.” The four characteristics of this anomaly are 
(1) a ventricular septal defect; (2) an ascending aorta that 
has shifted in position so that it overrides the interventricular 
septum and thus receives blood from the right as well as left 
ventricle; (3) pulmonary stenosis; and (4) right ventricular 
hypertrophy (fig. 21.40). Pulmonary stenosis obstructs blood 
flow to the lungs and causes hypertrophy of the right ven- 
tricle. Open-heart surgery 1s required to correct this condi- 
tion, and the overall mortality rate is about 5%. 

Acquired heart diseases include those that result from 
arterial damage and those that result from bacterial infec- 
tion. Bacterial endocarditis is a disease of the lining of the 
heart, especially of the cusps of the valves. It is caused by 
bacteria that enter the bloodstream—most often, the same 
organisms that cause rheumatic fever. 


stenosis: Gk. stenosis, a narrowing 
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tetralogy of Fallot: from Etienne-Louis A. Fallot, French physician, 1850-1922 @ 
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Chapter Twenty-One 


Atherosclerosis 


Atherosclerosis is the most 
common form of arteriosclerosis 
(hardening of the arteries) and, 
through its contribution to heart 
disease and stroke, is responsible 
for about 50% of the deaths in 
North America, Europe, and 
Japan. In atherosclerosis, local- 
ized plaques, or atheromas, pro- 
trude into the lumen of the 
artery and thus reduce blood 
flow. The atheromas addition- 
ally serve as sites for thrombus 
(blood clot) formation, which 
can further occlude the blood 
supply to an organ (fig. 21.41). i Right 
Iris currently believed that | ventricle 
the process of atherosclerosis be- : 
gins as a result of damage, or “in- fo) FIGURE 21.40 
sult,” to the endothelium. Such 
insults are produced by smoking, 
hypertension (high blood pres- 
sure), high blood cholesterol, 
and diabetes. The first anatomi- | ive 
cally recognized change is the 
appearance of “fatty streaks,” which are gray-white areas that 
protrude into the lumina of arteries, particularly at arte- 
rial branch points. These are aggregations of lipid-filled 
macrophages and lymphocytes within the tunica intima. They 
are present toa small degree in the aorta and coronary arteries 
of children aged 10 to 14, but progress to more advanced stages 
at different rates in different people. In the intermediate stage, 
the area contains layers of macrophages and smooth muscle 
cells. The more advanced lesions are called fibrous plaques and 
consist of a cap of connective tissue with smooth muscle cells 
over accumulated lipid and debris, macrophages that have 
been derived from monocytes (chapter 23) and lymphocytes. 
The process may be instigated by damage to the en- 
dothelium, but its progression appears to be a result of a wide 
variety of cytokines and other autocrine regulators (chapter 
19) secreted by the endothehum and by the other partici- 
parting cells, including platelets, macrophages, and lympho- 
cytes. Some of these regulators attract monocytes and 


hypertrophy. 


lymphocytes to the damaged endothelium and cause them to. 


penetrate into the tunica intima, The monocytes then be- 
come macrophages, engulf lipids, and take on the appearance 
of “foamy cells.” Smooth muscle cells change from a con- 
tractile state toa “synthetic” state where they produce and 
secrete Connective tiysue matrix proteins. (This ty unique; in 
other tissues, Connective tissue matrix ty produced by cells 


The tetralogy of Fallot. The four defects of this anomaly 
are (1) ventricular septal defect, (2) an overriding aorta, © 


(3) pulmonary stenosis, and (4) right ventricular 


called fibroblasts.) The 
changed smooth muscle cells 
respond to chemical attrac- 
tants and migrate from the tu- 
nica media to the tunica 
intima, where they can pro- 
Pumonary liferate. 
trunk Endothelial cells nor- 
mally prevent this progression 
by presenting a physical bar- 
rier to the penetration of 
monocytes and lymphocytes, 
and by secreting autocrine 
regulators. Hypertension, 
smoking, and high blood cho- 
lesterol, among other risk fac- 
tors, interfere with this 
protective function. The role 
of cholestrol in this process is 
described in the next section. 


Cholesterol and Plasma 
[ipopratemns 


2S 8) There is good evidence that 


EE high blood cholesterol is as- 


sociated with an increased 
risk of atherosclerosis. This high blood cholesterol can be 
produced by a diet rich in cholesterol and saturated fat, or it 
may be the result of an inherited condition known as famil- 
ial hypercholesteremia. This condition is inherited as a sin- 
gle dominant gene; individuals who inherit two of these genes 
have extremely high cholesterol concentrations (regardless of 
diet) and usually suffer heart attacks during childhood. 
Lipids, including cholesterol, are carried in the blood 
attached to protein carriers, as discussed in detail in chapter 
26. Cholesterol is carried to the arteries by plasma proteins 
called low-density lipoproteins (LDLs). These particles, pro- 
duced by the liver, consist of a core of cholesterol surrounded 
by a layer of phospholipids (to make the particle water- 
soluble) and a protein. Cells in various organs contain re- 
ceptors for the protein in LDL. When LDL attaches to its 
receptors, the cell engulfs the LDL by receptor-mediated en- 
docytosis (described in chapter 3) and utilizes the cholesterol 
for different purposes. Most of the LDL in the blood is re- 
moved in this way by the liver. 
When endothelial cells engulf LDL they oxidize it to 
a product called oxidized LDL. Recent evidence suggests 
that oxidized LDL contributes to endothelial cell injury, 
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FIGURE 21.41 


Atherosclerosis. (a) The lumen of a human coronary artery ts 
almost completely occluded by an atheroma. (b) A close-up 
view of the cleared left anterior descending coronary artery 


migration of monocytes and lymphocytes into the tunica 
Intima, Conversion of Monocytes into macrophages, and 
other events that occur in the progression of atherosclero- 
sis. Since oxidized LDL appears to be so important in the 
progression of atherosclerosis, it seems logical that anti 
oxidant compounds may aid in the prevention or treatment 


(b) 


Endothelium 


Smooth 
muscle cells 


_ containing calcified atherosclerotic plaques. (c) The structure of 


an atheroma is diagrammed. 


of this condition. The anti-oxidant drug probucol, as well 
as viramin C, vitamin E, and beta-carotene, which are anti- 
oxidants (chapter 27), have been shown to be effective in 
this regard in experimental animals. 

People who eat a diet high in cholesterol and saturated 
fat, and people with familial hypercholesteremia, have a high 
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Circulatory System 


Chapter Twenty-One 


Atherosclerosis 


Atherosclerosis is the most 
common form of arteriosclerosis 
(hardening of the arteries) and, 
through its contribution to heart Y 
disease and stroke, is responsible / 
for about 50% of the deaths in 
North America, Europe, and 4 
Japan. In atherosclerosis, local- 
ized plaques, or atheromas, pro- 
trude into the lumen of the 
artery and thus reduce blood 
flow. The atheromas addition- 
ally serve as sites for thrombus 
(blood clot) formation, which 
can further occlude the blood (4) 
supply to an organ (fig. 21.41). 

It is currently believed that 
the process of atherosclerosis be- 


(3) 


Right 
* ventncle 


gins as a result of damage, or “in- [0 FIGURE 21.40 
sult,” to the endothelium. Such 
insults are produced by smoking, 
hypertension (high blood pres- 
sure), high blood cholesterol, 
and diabetes. The firstanatomie 0% 2 


cally recognized change is the 


hypertrophy. 


appearance of “fatty streaks,” which are gray-white areas that 
protrude into the lumina of arteries, particularly at arte- 
rial branch points. These are aggregations of lipid-filled 
macrophages and lymphocytes within the tunica intima. They 
are present toa small degree in the aorta and coronary arteries 
of children aged 10 to 14, but progress to more advanced stages 
at different rates in different people. In the intermediate stage, 
the area contains layers of macrophages and smooth muscle 
cells. The more advanced lesions are called fibrous plaques and 
consist of a cap of connective tissue with smooth muscle cells 
over accumulated lipid and debris, macrophages that have 
heen derived from monocytes (chapter 23) and lymphocytes. 

The process may be instigated by damage to the en- 
dothelium, but its progression appears to be a result of a wide 
variety of cytokines and other autocrine regulators (chapter 
19) secreted by the endothelium and by the other partici- 
pating cells, including platelets, macrophages, and lympho- 
cytes. Some of these regulators attract monocytes and 
lymphocytes to the damaged endothelium and cause them to 
penetrate into the tunica intima. The monacytes then be- 
come macrophages, engulf lipids, and take on the appearance 
of “foamy cells.” Smooth muscle cells change from a con- 
tractile state to a “synthetic” state where they produce and 
secrete Connective tissue matrix proteins. (This is unique; in 
other tissues, connective tissue matrix is produced by cells 


The tetralogy of Fallot. The four defects of this anomaly 
are (1) ventricular septal detect, (2) an overriding aorta, ; 
_ (3) pulmonary stenosis, and (4) right ventricular 


called fibroblasts.) The 
changed smooth muscle cells 
respond to chemical attrac- 
tants and migrate from the tu- 
nica media to the tunica 
intima, where they can pro- 
liferate. 

Endothelial cells nor- 
mally prevent this progression 
by presenting a physical bar- 
rier to the penetration of 
monocytes and lymphocytes, 


and by secreting autocrine 


Pulmonary 


. is trunk 


1 ventncle ' 


Len regulators. Hypertension, 

G smoking, and high blood cho- 
lesterol, among other risk fac- 

interventricular et tal se 

pie tors, interfere with this 


protective function. The role 
of cholestrol in this process is 
described in the next section. 


tholesteral and Plasma 
[ipoproteins 


There is good evidence that 
high blood cholesterol is as- 
sociated with an increased 
risk of atherosclerosis. This high blood cholesterol can be 
produced by a diet rich in cholesterol and saturated fat, or it 
may be the result of an inherited condition known as famil- 
ial hypercholesteremia. This condition is inherited as a sin- 
gle dominant gene; individuals who inherit two of these genes 
have extremely high cholesterol concentrations (regardless of 
diet) and usually suffer heart attacks during childhood. 

Lipids, including cholesterol, are carried in the blood 
attached to protein carriers, as discussed in detail in chapter 
26. Cholesterol is carried to the arteries by plasma proteins 
called low-density lipoproteins (LDLs). These particles, pro- 
duced by the liver, consist of a core of cholesterol surrounded 
by a layer of phospholipids (to make the particle water- 
soluble) and a protein. Cells in various organs contain re- 
ceptors for the protein in LDL. When LDL attaches to its 
receptors, the cell engulfs the LDL by receptor-mediated en- 
docytosis (described in chapter 3) and utilizes the cholesterol 
for different purposes. Most of the LDL in the blood is re- 
moved in this way by the liver. 

When endothelial cells engulf LDL they oxidize it to 
a product called oxidized LDL. Recent evidence suggests 
that oxidized LDL contributes to endothelial cell injury, 
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b. The semilunar valves allow blood to 
exit the ventricles and enter the 
pulmonary and systemic circulations, 
but these valves prevent blood from 
returning from the arteries to the 
ventricles. 

c. Closing of the AV valves produces the 
“lub” sound at the beginning of 
systole, closing of the semilunar valves 
produces the “dub” sound at the 
beginning of diastole. 

3. The pulmonary circulation involves the 
pulmonary arteries and pulmonary veins; 
all other arteries and veins in the body are 
part of the systemic circulation. 

a. The pulmonary arteries deliver blood 
low in oxygen to the lungs; the 
pulmonary veins deliver oxygen-rich 
blood from the lungs to the left atrium 
of the heart. 

b. The systemic arteries carry oxygen- 
rich blood to the body cells for cell 
respiration. 


Cardiac Cycle, Heart Sounds, and the 
Electrocardiogram (pp. 573-579) 


1. The heart is a two-step pump, first the 
atria contract, and then the ventricles 
contract. 

a. During diastole, first the atria and then 
the ventricles fill with blood. 

b. The ventricles are about 80% filled 
before the atria contract and add the 
final 20% to the end-diastolic volume. 

2. When the ventricles contract at systole, 
the pressure within them first rises 
sufficiently to close the AV valves and 
then rises sufficiently to open the 
semilunar valves 
a. Blood is ejected from the ventricles 

until the pressure within them falls 
below the pressure in the arteries; at 
this point, the semilunar valves close 
and the ventricles begin relaxation. 

b. When the pressure in the ventricles 
falls below the pressure in the atria, a 
phase of rapid filling of the ventricles 
occurs, followed by the final filling 
caused by contraction of the atria. 

3. The electrical impulse begins in the 
sinoatrial (SA) node and spreads through 
both atria by electrical conduction from 
one myocardial cell to another. 

a. The impulse then excites the 
atrioventricular (AV) node. from which 
it is conducted by the atrioventricular 
bundle into the ventricles 

b. The conduction myofibers (Purkinje 
fibers) transmit the impulse into the 
ventricular muscle and cause it to 
contract 

4. The regular pattern of conduction in the 
heart produces a changing pattern of 
potential differences between two points 
on the body surface. 
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a. Arecording of the voltage between two 
Points on the surface of the body 
caused by the electrical activity of the 
heart ts called an electrocardiogram 
(ECG). 

b. The P wave is caused by depolarization 
of the atria; the QRS wave is caused by 
depolarization of the ventricles; the T 
wave Is produced by repolarization of 
the ventricles. 


Blood Vessels (pp. 579-583) 


1. Arteries contain three layers, or tunics: the 
tunica intima, tunica media, and tunica 
externa. 

a. The tunica intima consists of a layer of 
endothelium that is separated from the 
tunica media by a band of elastin 
fibers. 

b. The tunica media consists of smooth 
muscle. 

2. Capillaries are the narrowest but the most 
numerous of the blood vessels; they 
provide for the exchange of molecules 
between the blood and the surrounding 
tissues. 

a. Capillaries within most organs of the 
body have pores between adjacent 
endothelial cells, so that fluid derived 
from plasma can be filtered through to 
produce interstitial, or tissue, fluid. 

b. The capillaries in the brain are 
continuous and lack pores, thus 
contributing to the blood-brain barrier. 

3. Veins have the same three tunics as 
arteries, but veins generally have a thinner 
muscular layer than comparably sized 
arteries. 

a. Veins are more distensible than 
arteries and can expand to hold a 
larger quantity of blood. 

b. Many veins have venous valves that 
permit a one-way flow of blood to the 
heart. . 

c. Contractions of skeletal muscles 
surrounding veins can squeeze the 
veins and aid the return of venous 
blood to the heart. This action is 
known as the skeletal muscle pump. 


Principal Arteries of the Body 
(pp. 583-591) 


1. Three arteries arise from the aortic arch: 
the brachiocephalic trunk, the left 
common carotid artery, and the left 
subclavian artery. The brachiocephalic 
trunk divides into the right common 
carotid artery and the right subclavian 
artery. 

a. The common carotid arteries bifurcate 
into the internal and external carotid 
arteries. 

b. The subclavian arteries branch to form 
the vertebral arteries and then continue 
as the axillary arteries 


Principal Veins of the Body 
(pp. 591-600) 


Le 


The head and neck receive an arterial 
supply from branches of the internal and 
external carotid arteries and the vertebral 
arteries 
a. The internal carotid arteries enter the 
skull through the carotid canal, the 
vertebral arteries enter through the 
foramen magnum 
b. Branches of the internal carotid 
arteries and vertebral arteries form the 
cerebral arterial circle (circle of Willis), 
which supplies the brain. 
The upper extremity 1s served by the 
subclavian artery and its derivatives. 
The abdominal portion of the aorta 
produces the following branches: the 
inferior phrenic, celiac trunk, Superior 
mesenteric, renal, suprarenal, testicular 
(Or ovarian), and inferior mesenteric 
arteries. 
The abdominal aorta terminates in the 
posterior pelvic area as it bifurcates into 
the right and left common iliac arteries. 
These vessels terminate by dividing into 
the internal and external iliac arteries, 
which supply blood to the pelvis and lower 
extremities 


Circulatory System 


Blood from the head and neck is drained 
by the external and internal jugular veins: 
blood from the brain is drained by the 
internal jugular vein. 

The upper extremity is drained by 

superficial and deep veins. 

In the thorax, the superior vena cava is 

formed by the union of the two 

brachiocephalic veins and also collects 
blood from the azygos vein. 

The lower extremity is drained by both 

superficial and deep veins. At the level of 

the fifth lumbar vertebra, the right and left 
iliac veins unite to form the inferior vena 
cava. 

Blood from capillaries in the GI tract and 

accessory digestive organs is drained via 

the hepatic portal vein to the liver 

a. A portal system is one in which there is 
a second capillary bed downstream 
from the first: in this case, the liver is 
downstream from the GI tract. 

b. The liver can modify the chemical 
composition of the blood arriving from 
the GI tract before this blood goes 
back to the heart to enter the general 
circulation. 


Fetal Circulation (pp. 600-603) 


1. 


Fully oxygenated blood is carried only in 
the umbilical vein, which drains the 
placenta. This blood is carried via the 
ductus venosus to the inferior vena cava 


of the fetus. @ 
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2. Partially oxygenated blood is shunted 
from the right to the left atrium via the 
foramen ovale and from the pulmonary 
trunk to the aortic arch via the ductus 
arteriosus 


a Inthis way, blood ts diverted away 
from the lungs, which are not active in 
oxygenating the blood, to the systemic 
circulation, where it can be delivered to 
the placenta via the umbilical arteries. 


b. The foramen ovale normally closes 
immediately following a newborn's 
first breath; the ductus arteriosus has 
closed by the sixth week following 
birth. 
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Review Activities 


Objective Questions 


1. All arteries in the body contain oxygen- 
rich blood with the exception of 
a. the aorta 
b. the pulmonary arteries 
c. the renal arteries. 
d. the coronary arteries 
2. Most blood from the coronary circulation 
directly enters 
a_ the inferior vena cava. 
b. the superior vena cava. 
c. the right atrium. 
d. the left atrium 
3. The second heart sound immediately 
follows the occurrence of which event? 
a. P wave 
b. QRS wave 
c. T wave 
d. U wave 
4. Which of the following arteries does not 
arise from the aortic arch? 
a. brachiocephalic trunk 
b. coronary artery 
c. left common carotid artery 
d_ left subclavian artery 
5. Which of the following arteries does not 
supply blood to the brain? 
a. external carotid artery 
b. internal carotid artery 
c. vertebral artery 
d. basilar artery 
6. The maxillary and superficial temporal 
arteries are derived from 
a. the external carotid artery. 
b. the internal carotid artery. 
c. the vertebral artery. 
d. the facial artery 
7. Which of the following statements is 
false? 
a. Most of the total blood volume is 
contained in veins. 
b. Capillaries have a greater total surface 
area than any other type of vessel. 


10. 


Tt: 


12. 


13. 


c. Exchanges between blood and tissue 
fluid occur across the walls of 
venules. 

d. Small arteries and arterioles present 
great resistance to blood flow. 

The “lub,” or first heart sound, is 

produced by closing of 

a. the aortic semilunar valve. 

the pulmonary semilunar valve. 

the tricuspid valve. 

the bicuspid valve. 

. both AV valves. 

The first heart sound is produced at 

a. the beginning of systole. 

b. the end of systole. 

c. the beginning of diastole. 

d. the end of diastole. 

Changes in the cardiac rate primarily 

reflect changes in the duration of 

a. systole. 

b. diastole. 

The ORS wave of an ECG is produced by 

a. depolarization of the atria. 

b. repolarization of the atria. 

c. depolarization of the ventricles. 

d. repolarization of the ventricles. 

The cells that normally have the fastest 

rate of spontaneous diastolic 

depolarization are located in 

a. the SA node. 

b. the AV node. 

c. the atrioventricular bundle. 

d. the conduction myofibers. 

Which of the following statements is 

true? 

a. The heart can produce a graded 
contraction. 

b. The heart can produce a sustained 
contraction 

c. All of the myocardial cells in the 
ventricles are normally in a refractory 
period at the same time 


eaosg 


14. 


During the phase of isovolumetric 
relaxation of the ventricles, the pressure 
in the ventricles 1s 

a. rising. 

b. falling. 

c. first rising, then falling. 

d. constant. 


Essay Questions 


i 


Explain why the beat of the heart is 
automatic and why the SA node functions 
as the normal pacemaker. 

Compare the duration of the heart's 
contraction with those of the myocardial 
action potential and refractory period. 
Explain the significance of these 
relationships. 

Describe the pressure changes that occur 
during the cardiac cycle and relate these 
changes to the occurrence of the heart 
sounds. 

Describe the causes of the P, QRS, and T 
waves of an ECG and indicate when in the 
cardiac cycle each of these waves occurs. 
Explain why the first heart sound occurs 
immediately after the QRS wave and why 
the second sound occurs at the time of 
the T wave. 

Can a defective valve be detected by an 
ECG? Can a partially damaged AV node be 
detected by auscultation with a 
stethoscope? Explain 

Describe the functions of the foramen 
ovale and ductus arteriosus in a fetus and 
explain why the newborn Is at risk if they 
remain patent after birth. 

Trace the flow of blood from the left 
ventricle to the upper teeth. 

Trace the flow of blood from the small 
intestine, to the heart, and back to the 
small intestine. 


. Define the term portal system and explain 


the functional significance of this system 
in the liver. 
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Describe how cardiac output is affected by cardiac rate 
and stroke volume and discuss the effects of autonomic 
Stimulation of the heart. 


Explain the Frank-Starling law of the heart. 


Explain how the venous return of blood to the heart is 
regulated. 


Describe how tissue fluid is formed and how it returns 
to blood capillaries. 


Describe the regulation of ADH secretion and the 
effects of ADH on blood volume. 


Describe the regulation of aldosterone secretion and 
the effects of aldosterone on blood volume and 
pressure. 


Explain how blood flow is affected by blood pressure 
and by vascular resistance. 


Discuss the regulation of vascular resistance by the 


autonomic nervous system and by intrinsic regulatory 
mechanisms. 


Describe the relationship between resistance and the 
radius of a vessel and explain how blood flow can be 
diverted from one organ to another. 


Explain how resistance and blood flow are regulated by 
sympathetic and parasympathetic innervation. 


Discuss autoregulation and explain how it is 
accomplished. 


Describe the mechanisms that control cerebral blood 
flow. 


Describe the cutaneous circulation and explain how it 
is regulated. 


Describe the changes in blood pressure as blood 
passes through the arterial system to capillaries and 
then to the venous system. 


State the factors that directly influence blood pressure. 


Describe the baroreceptor reflex and comment on its 
significance. 


Describe the auscultatory method of blood pressure 
measurements. 
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Gardtac Qutnut 


The promping ability of the heart is a function of the number of beats per 
minute (cardiac rate) and the volume of blood ejected per beat (stroke 
volume). The cardiac vate and stroke volume are regulated by autonome 


nerves and by mechanisms muimvic to the cardiovascular system 


The cardiac output is equal to the volume of blood pumped 
per minute by each ventricle. The average resting cardiac 
rate in an adult is 70 beats per minute; the average stroke 
volume (volume of blood pumped per beat by each ventri- 
cle) is 70 to 80 ml per bear. The product of these two vari- 
ables gives an average cardiac output of about 5.5 liters (L) per 
minute: 


Cardiac output = stroke volume x cardiac rate 


(ml/min) (ml/beat) (beats/min) 


The total blood volume is also about 5.5 L. This 
means that each ventricle pumps the equivalent of the 
total blood volume each minute under resting conditions. 
Put another way, it takes about a minute for a drop of blood 
to complete the pulmonary and systemic circuits. An in- 
crease in cardiac output, as occurs during exercise, Must 
thus be accompanied by an increased rate of blood flow 
through the circulation. This is accomplished by factors 
that regulate the cardiac rate and stroke volume. 


Regulation of tardiac Rate 


In the complete absence of neural influences, the heart will 
continue to beat according to the rhythm set by the SA 
node. This automatic rhythm is produced by the sponta- 
neous decay of the resting membrane potential toa thresh- 
old depolarization, at which point volrage-regulated 
membrane gates are opened and action potentials are pro- 
duced. As described in chapter 12, Cat* enters the myocar- 
dial cytoplasm during the action potential, attaches to 
troponin, and causes contraction. 

Under normal conditions, however, sympathetic in- 
nervation to the heart through the cardiac accelerant nerves 
and parasympathetic mnervanon through the vagus nerves 
continuously modify the rate of spontaneous depolarization 
of the SA node. Norepinephrine, released primarily by sym- 
patheric nerve endings, and epinephrine, secreted by the 
adrenal medulla, stimulate an increase in the spontaneous 
firing rate of the SA node. Acetylcholine, released from 
parasympathetic endings, hyperpolarizes the SA node and 
thus decreases the rate of ity spontaneous firing (fig. 22.1). 
The actual pace set by the SA node at any time depends on 
the net effect of these antagonistic influences. Mechanisms 


that affect the cardiac rate are said to have a chronotropic 
(kron “o-trop ik) effect. Those that increase cardiac rate have 
a positive chronotropic effect; those that decrease the rate 
have a negative chronotropic effect. 

Autonomic innervation of the SA node represents the 
major means by which cardiac rate is regulated. However, 
other autonomic control mechanisms also affect cardiac rate 
toa lesser degree. Sympathene stimulation in the muscula- 
ture of the atria and ventricles increase the strength of con- 
traction and slightly decrease the time spent in systole when 
the cardiac rate is high (table 22.1). 

During exercise, the cardiac rate increases as a result 
of decreased vagus nerve inhibition of the SA node. Further 
increases in cardiac rate are achieved by increased sympa- 
thetic nerve stimulation. The resting bradycardia (slow heart 
rate) of endurance-trained athletes is due largely to high 
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Time 
—___ 


Membrane potential in SA node 


FIGURE 22.1 

The rhythm set by the pacemaker potentials in the SA node 
Sympathetic nerve effects increase the rate of spontaneous 
dépolanzation, thus influencing the rate at which action 
potentials are produced 
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Region affected Sympathetic 
x. nerve effects 
‘SA node Increased rate of diastolic 


Cardiac rate . 


Increased conduction rate 


vagus nerve activity. The activity of the autonomic inner- 
vation of the heart is coordinated by cardiac control cen- 
ters in the medulla oblongata of the brain stem. The 
question of whether there are separate cardioaccelerator and 
cardioinhibitory centers in the medulla oblongata is cur- 
rently controversial. The cardiac control centers are affected 
by higher brain areas and by sensory feedback from pressure 
receptors, or baroreceptors, in the aortic arch and the carotid 
arteries. In this way, a rise in blood pressure can produce a re- 
flex slowing of the heart. We will discuss this baroreceptor 
reflex in more detail later in this chapter, in relation to blood 
pressure regulation. 


Regulation of Stroke Volume 


The stroke volume is regulated by three variables: (1) the 
end-diastolic volume, which is the volume of blood in the 
ventricles at the end of diastole; (2) the total peripheral re- 
sistance, which is the frictional resistance, or impedance, to 
blood flow in the arteries; and (3) the contractility, or 
strength, of ventricular contraction. 

The end-diastolic volume (EDV) is the amount of 
blood in the ventricles just prior to contraction. Because this 
workload is imposed on the ventricles before they contract, 
it is sometimes called a preload. The stroke volume is directly 
proportional to the preload; an increase in end-diastolic vol- 
ume results in an increase in stroke volume. The stroke vol- 
ume is also directly proportional to contractility; when the 
ventricles contract more forcefully, they pump more blood. 

In order to eject blood, the pressure generated ina 
ventricle when it contracts must be greater than the pres- 
sure in the arteries (since blood flows only from a location 
of higher to one of lower pressure). The pressure in the 
arterial system before the ventricle contracts is, in turn, a 
function of the total peripheral resistance—the higher the 


mic nerve activity on the heart | 


Parasympathetic 
nerve effects 


: Decreased rate of diastolic 
" depolarization; increased depolarization; decreased 
cardiac rate 


Tere ma | 
iy 


peripheral resistance, the higher the 
pressure. As blood begins to be ejected 
from the ventricle, the added volume 
of blood in the arteries Causes a rise in 
pressure against the “bottleneck” pre- 
sented by the peripheral resistance; 
ejection of blood stops shortly after the 
aortic pressure becomes equal to the in- 
traventricular pressure. The total pe- 
ripheral resistance thus presents an 
impedance to the ejection of blood 
from the ventricle, or an afterload im- 
posed on the ventricle after contrac- 
tion has begun. 

In summary, the stroke volume 
is inversely proportional to the total peripheral resistance; 
that is, the greater the peripheral resistance, the lower the 
stroke volume. It should be noted that this lowering of 
stroke volume in response to a raised peripheral resistance 
occurs only for a few beats. Thereafter, a healthy heart is 
able to compensate for the increased peripheral resistance 
by beating more forcefully. This compensation occurs by 
means of a mechanism called the Frank—Starling law, to 
be described shortly. 

The proportion of the end-diastolic volume that is 
ejected depends on the strength of ventricular contraction. 
Normally, contraction strength is sufficient to eject 70 to 
80 ml of blood out of a total end-diastolic volume of 110 to 
130 ml, making the ejection fraction about 60%. More blood 
is pumped per beat as the end-diastolic volume increases, 
and thus the ejection fraction remains relatively constant 
over a range of end-diastolic volumes. In order for this to 
be true, the strength of ventricular contraction must increase 
as the end-diastolic volume increases. 


™ 


Frank-Starling Law of the Heart = Two physiologists, Otto 
Frank and Ernest Starling, demonstrated that the strength 
of ventricular contraction varies directly with the end- 
diastolic volume. Even in experiments where the heart is re- 
moved from the body (and is thus not subject to neural or 
hormonal regulation) and where the heart is filled with blood 
flowing from a reservoir, an increase in end-diastolic volume 
within the physiological range results in increased contrac- 
tion strength and, therefore, in an increased stroke volume. 
This relationship between EDV, contraction strength, and 
stroke volume is a built-in, or intrinsic, property of heart mus- 
cle, and is known as the Frank-Starling law of the heart. 


Frank—Starling law of the heart: From Otto Frank, German physiologist, b. 1865, and 
Ernest Henry Starling, English physiologist, 1866-1927 


Circulatory System: Cardiac Output and Blood Flow 
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Resting sarcomere lengths 


volume), the strength of contrac- 
tion is intrinsically adjusted by the 


SP aaa 4 end-diastolic volume. 
| ee The Frank—Starling law ex- 
——_ (a) plains how the heart can adjust to a 
gee rise in total peripheral resistance: 
(a) ae ‘ect (1) arise in peripheral resistance 
4 causes a decrease in the stroke 
; Zz z volume of the ventricle so that 
‘ 4 (b) | Aregbabson oe (2) more blood remains in the ven- 
= § wrptqoweretent tricle and the end-diastolic volume 
: 3 2 -22¢e-4 is greater for the next cycle; as a re- 
2 (c) o sult, (3) the ventricle is stretched to 
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| Figure 22.2. ies ) a / righ ; % the ever-changing resistances of the 
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Oe cose Moa es 
Intrinsic Control of Contraction Strength = The intrinsic 
control of contraction strength and stroke volume is due 
to variations in the degree to which the myocardium is 
stretched by the end-diastolic volume. As the end-diastolic 
volume rises within the physiological range, the my- 
ocardium is increasingly stretched and, as a result, it con- 
tracts more forcefully. 

Stretch can also increase the contraction strength of 
skeleral muscles. The resting length of skeletal muscles, 
however, is close to ideal, so that significant stretching de- 
creases contraction strength. This ty not true of the heart. 
Prior to filling with blood during diastole, the sarcomere 
lengths of myocardial cells are only about 1.5 wm. At this 
length, the actin filaments from each side overlap in the 
middle of the sarcomeres, and the cells can only contract 
weakly (fig. 22.2). 

As the ventricles fill with blood the myocardium 
stretches, so that the actin filaments overlap with myosin 
only at the edges of the A bands (tig. 22. 7.2). This allows more 
force to be developed during contraction. Since this more 
advantageous overlapping of actin and myosin ts produced by 
stretching of the ventricles, and since the degree of stretch- 
ing ts controlled by the degree of filling (the end-diastolic 


tained to match the output of the 
right ventricle, which pumps blood 
into the pulmonary circulation. A 
moment's reflection will reveal that 
the rate of blood flow through the 
pulmonary and systemic circulations must be equal in order to 
prevent fluid accumulation in the lungs and to deliver fully 
oxygenated blood to the body. 


Extrinsic Control of Contractility § The contractility is the 
contraction strength at any given fiber length. Atany given 
degree of stretch, the strength of ventricular contraction 
depends on the activity of the sympathoadrenal system. 
Norepinephrine from sympathetic endings and epinephrine 
from the adrenal medulla produce an increase in contraction 
strength. This positive inotropic effect is believed to re- 
sult from an increase in the amount of Ca** available to 
the sarcomeres. 

The activity of the sympathoadrenal system thus 
affects cardiac output in two ways: (1) through a positive 
inotropic effect on contractility and (2) through a positive 
chronotropic effect on cardiac rate (fig. 22.3). Stimulation 
through the parasympathene vagus nerves to the heart has a 
negative chronotropic effect but does not directly affect the 
contraction strength of the ventricles. 


inotropic Gk. inos, liber, trope, turn, change 
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The regulation of cardiac output. Factors that stimulate cardiac 
output are shown as solid arrows; factors that inhibit cardiac 
output are shown as dotted arrows. 


Venous Return 


The end-diastolic volume—and thus the stroke volume 
and cardiac output—is controlled by factors that affect 
the venous return, which is the return of blood via veins 
to the heart. The rate at which the atria and ventricles 
are filled with venous blood depends on the total blood 
volume and the venous pressure. The pressure in the veins 
serves as the driving force for the return of blood to the 
heart. 

Because veins have thinner, less muscular walls than do 
arteries, they have a higher compliance. This means that a 
given amount of pressure will cause more distension (expan- 
sion) in veins than in arteries, so that the veins can hold more 
blood. Approximately two-thirds of the total blood volume 
2.4). Veins are therefore 
called capacitance vessels, analogous to the capacitors in 
electronics that accumulate electrical charges. Muscular ar- 


is contained within the veins (fig. 2 


teries and arterioles expand less under pressure (are less com- 
pliant), and thus are called resistance vessels. 

Although veins contain almost 70% of the total blood 
volume, the mean venous pressure is only 2 mmHg, com- 
pared to a mean arterial pressure of 90 to 100 mmHg. The 
lower venous pressure is due partly to a pressure drop be- 
tween arteries and capillaries and partly to the high venous 
compliance. 

The venous pressure is highest in the venules 
(10 mmHg) and lowest at the junction of the venae cavae 
with the right atrium (0 mmHg). In addition to this pressure 
difference, the venous return co the heart is aided by (1) sym- 
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i S97); Oxford University Bees Readiness b yy 


v7 Sa ibaa Hance 


pathetic nerve activity, which stimulates smooth muscle con- 
traction in the venous walls and thus reduces compliance; 
(2) the skeletal muscle pump, which squeezes veins during 
muscle contraction; and (3) the pressure difference between 
the thoracic and abdominal cavities, which promotes the flow 
of venous blood back to the heart. 

Contraction of the skeletal muscles works like a 
“pump” by virtue of its squeezing action on veins. Con- 
traction of the diaphragm during inhalation also im- 
proves venous return, as described in chapter 20. As the 
diaphragm contracts, it lowers to increase the thoracic 
volume and decrease the abdominal volume. This cre- 
ates a partial vacuum in the thoracic cavity and a higher 
pressure in the abdominal cavity. The pressure difference 
produced favors blood flow from abdominal to thoracic 


veins (fig. 22.5). 


Fluid in the extracellular environment of the body ts distributed between 
the blood and the assue flad comparements by filtration and osmotic 
forces acting across the walls of capillaries. The funcuon of the kidneys 
influences blood volume because wrme is derived from blood plasma. 
Through their acuons on the kidneys, ADH and aldosterone help to 
regulate the blood volume 


Blood volume represents one part, or compartment, of the 
total body water. Approximately two-thirds of the rotal 
body water is contained within cells—in the intracellular 
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Vanables that affect venous return, and thus end diastolic 
volume. Direct relationships are indicated by solid arrows; 
inverse relationships are shown with dashed arrows. 
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FIGURE 22.6 


The distribution of body water between the intracellular and 


extracellular compartments. 
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compartment. The remaining one-third is in the extracel- 
lular compartment. This extracellular fluid is normally dis- 
tributed so that about 80% is contained in the tissues—as 
tissue or interstitial (in “ter-stish‘al) fluid—with the blood 
plasma accounting for the remaining 20% (fig. 22.6). 

The distribution of water between the intracellular and 
extracellular fluid compartments is determined by a balance 
between opposing forces acting at the capillaries. Blood pres- 
sure, for example, promotes the formation of tissue fluid from 
plasma, whereas osmotic forces draw water from the tissues 
into the vascular system. The total volume of intracellular 
and extracellular fluid is normally maintained constant by a 
balance between water loss and water gain. Mechanisms that 
affect drinking, urine volume, and the distribution of water 
between plasma and tissue fluid thus help to regulate blood 
volume and, by this means, help to regulate cardiac output 


and blood flow. 


Fachange of Fluid between Capillaries and Tissues 


The distribution of extracellular fluid between the blood 
plasma and interstitial compartments is in a state of dynamic 
equilibrium. Tissue fluid is not normally a “stagnant pond” 
but rather a continuously circulating medium, formed from 
and returning to the vascular sys- 
tem. The tissue cells receive a 
continuously fresh supply of glu- 
cose and other blood plasma 
solutes that are filtered through 
tiny endothelial channels in the 
capillary walls. 

Filtration results from the 
blood pressure within the capil- 
laries. This hydrostatic pressure, 
which is exerted against the inner 
capillary wall, is equal to about 


—» Kidneys 
ee 06-15) 37 mmHgarthe arteriolar end of 


é@ oT systemic capillaries and drops to 
03-04L about 17 mmHg at the venular 

end of the capillaries. The net fil- 

Seiwa tration pressure is equal to the 
“wr sweatgiands hydrostatic pressure of the blood 
.2-1(10 L) in the capillaries minus the hy- 
drostatic pressure of tissue fluid 

— outside the capillaries, which op- 
01-02LH,O poses filtration. If, as an extreme 
example, these two values were 
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equal, there would be no filtration. The magnitude of the 
tissue hydrostatic pressure varies from organ to organ. With 
a hydrostatic pressure in the tissue fluid of | mml Ig, as it is 
outside the capillaries of skeletal muscles, the net filtration 
pressure would be 37 — 1 = 36 mmHg at the arteriolar end of 
the capillary and 17-1 = 16 mml {yg at the venular end. 

Glucose, comparably sized organic molecules, inor- 
ganic salts, and ions are filtered along with water through 
the capillary channels. The concentrations of these sub- 
stances in tissue fluid are the same as in plasma. The pro- 
tein concentration of tissue fluid (2 g/100 ml), however, is 
less than the protein concentration of plasma (6 to 8 g/100 
ml). This difference ts due to the restricted filtration of pro- 
teins by the capillary pores. The osmotic pressure exerted 
by plasma proteins—called the colloid osmotic pressure of 
the plasma—is therefore much greater than the colloid os- 
motic pressure of tissue fluid. The difference between these 
two pressures is called the oncotic pressure. Since the col- 
loid osmotic pressure of the tissue fluid is sufficiently low to 
he neglected, the oncotic pressure is essentially equal to the 
colloid osmotic pressure of the plasma. This value has been 
estimated to be 25 mmHg. Since water will move by osmo- 
sis from the solution of lower to the solution of higher os- 
motic pressure (chapter 5), this oncotic pressure favors the 
movement of water from the tissues into the capillaries. 

Whether fluid will move out of or into the capillary 
depends on the magnitudes of the net filtration pressure, 
which decreases from the arteriolar to the venular end of 
the capillary, and on the oncotic pressure, which remains 
essentially constant. These opposing forces that affect the 
distribution of fluid across the capillary are known as 
Starling forces, and their effects can be calculated ac- 
cording to the following equation: 


I 


Fluid movement is proportional to: 


(Pc + ™) — (P, + %) 


where: 


P. = hydrostatic pressure in the capillary 

= colloid osmotic pressure of the interstitial fluid 
P, = hydrostatic pressure of the interstitial fluid 
colloid osmotic pressure of the blood plasma 


aA 
\ 


A 
J 
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The expression to the left of the minus sign represents 
the sum of forces acting to move fluid out of the capillary. 
The expression to the right represents the sum of forces act- 
ing to move fluid into the capillary. In the capillaries of skele- 
tal muscles, the values are as follows: at the arteriolar end of 
the capillary, (37 +0) -(1 + 25) = 11 mmHg; at the venular 
end of the capillary, (17 + 0) - (1 + 25) = -9 mmHg. The 
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FIGURE 22.7 

Tissue (interstitial) fluid is formed by filtration (orange arrows) as 
a result of blood pressures at the arteriolar ends of capillaries and 
is returned to venular ends of capillaries by the colloid osmotic 
pressure of plasma proteins (yellow arrows). 


positive value at the arteriolar end indicates that the forces fa- 
voring the extrusion of fluid from the capillary predominate. 
The negative value at the venular end indicates that the net 
Starling forces favor the return of fluid to the capillary. Fluid 
thus leaves the capillaries at the arteriolar end and returns 
to the capillaries at the venular end (fig. 22.7). 

This “classic” view of capillary dynamics has recently 
been challenged by some investigators who believe that when 
capillaries are open, the net filtration force exceeds the force 
for the osmotic return of water throughout the length of the 
capillary. They believe that the opposite ts true in closed cap- 
illaries (capillaries can be opened or closed by the action of 
precapillary sphincter muscles). The logical conclusion is 
that net filtration will occur in open capillaries, whereas net 
absorption of water will occur in closed capillaries. 

By either proposed mechanism, blood plasma and in- 
terstitial fluid are continuously interchanged. The return of 
fluid to the vascular system at the venular ends of the capil- 
laries, however, does not exactly equal the amount filtered at 
the arteriolar ends. According to some estimates, approxi- 
mately 85% of the capillary filtrate is returned directly to the 
capillaries; the remaining 15% (amounting to at least 2 L per 
day) is returned to the vascular system by way of the lym- 
phatic system. 
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FIGURE 22.8 


A schematic diagram showing the structural relationship of a 
capillary bed and a lymph capillary. 


Lymphatic Drainage Excessive accumulation of interstitial 
fluid and filtered proteins is normally prevented by drainage 
of interstitial fluid into highly permeable, blind-ended lym- 
phatic capillaries (fig. 22.8). Interstitial fluid that enters 
these lymphatic capillaries is known as lymph. Lymph is 
transported by lymphatic ductules into two large lymphatic 
vessels that drain the lymph into the right and left subcla- 
vian veins. In this way, interstitial fluid is ultimately re- 
turned to the circulatory system from which it was originally 
derived. The structure of the lymphatic system is described 


in detail in chapter 23. 


Causes of Edema Excessive accumulation of interstitial 
fluid is known as edema (@-de ma). This condition ts nor- 
mally prevented by a proper balance between capillary 
filtration and osmotic uptake of water and by proper lym- 
pharic drainage. Edema may result from (1) high arterial blood 
pressure, which increases capillary pressure and causes ex- 
cessive filtration; (2) venous obstruction—as in phlebitis 
(where inflammation of a vein causes the formation of a 
thrombus) or mechanical compression of veins (during preg- 
nancy, for example)—which produces a congestive increase 
in capillary pressure; (3) leakage of blood playma protems mto 
interstitial fluid, which causes reduced osmotic tlow of water 
into the capillaries (this ecurs during inflammation and 
allergic reactions as a result of increased capillary perme- 
ability); (4) myxedema—the excessive production of par- 
ticular glycoproteins (mucin) in the interstitial spaces 


Table ont : Cadeseana Stetts ofedema — 
Cause Effect 


Increased blood pressure or Increases Capillary filtration 


venous obstruction pressure so that more 
interstitial fluid is formed at 


the arteriolar ends of 
capillaries 


Increased tissue protein Decreases osmosis of water 
concentration into the venular ends of 

i capillaries. Usually a localized 
tissue edema due to leakage 
of blood plasma proteins 
through capillaries during 
inflammation and allergic ' 
reactions. Myxedema due to 
hypothyroidism is also in this - 
category. 


Decreases osmosis of water 
into the venular ends of — 
capillaries. May be caused 
liver disease (which can b 
associated with insufficient 
blood plasma prot 
production), kidne 
(due to leakage 
plasma protein 
protein main 


Infections by filarié 
roundworms (n 


of lymphatic vessels 


caused by hypothyroidism; (5) decreased plasma protem con- 
centration as a result of liver disease (the liver makes most of 
the blood plasma proteins) or kidney disease, in which pro- 
teins are excreted in the urine; and (6) obstruction of the 
lymphatic drainage (table 22.2). 


mosquitoes transmit a parasitic nematode to 
humans The larvae of these worms invade 
~” \ymphatic vessels and block lymphatic drainage. The 
edema that results can be so severe that the tissues swell to 
produce an elephantlike appearance, with thickening and 
cracking of the skin. This condition 1s thus aptly named 
elephanniasis (lig. 22.9) 


\ In the tropical disease filariasis (f11°@-ri‘@-sis), 


Downloaded from Durr-e-Danish Library 


FIGURE 22.9 

Parasitic larvae that block lymphatic drainage cause tissue 
edema and the tremendous enlargement of the hmbs and 
external] genitalia called elephantiasis 


Regulation of Blood Volume by the Kidneys 


The formation of urine begins in the same manner as the 
formation of interstitial fluid—by filtration of blood plasma 
through capillary pores. These capillaries are known as 
glomerult, and the filtrate they produce enters a system of 
tubules that transports and modifies the filtrate by various 
mechanisms (to be discussed in chapter 25). The kidneys 
produce about 180 L per day of blood filtrate, bur since there 
is only 5.5 L of blood in the body, it is clear that most of this 
filtrate must be returned to the circulatory system and recy- 
cled. Only about 1 to 2 L per day of urine ts excreted; 98% to 
99% of the amount filtered is reabsorbed back into the cir- 
culatory system. 

The volume of urine excreted can he varied by changes 
in the reabsorption of filtrate. If 99% of the filtrate is reab- 


sorbed, for example, 1% must be excreted. Decreasing the 
reabsorption by only 1%—to 98%—would double the vol- 
ume of urine excreted (an increase to 2% of the amount fil- 
tered). Carrying the logic further, a doubling of urine volume 
from, for example, | to 2 liters would result in the loss of an 
additional liter of blood volume. The percentage of the 
glomerular filtrate reabsorbed—and thus the urine volume 
and blood volume—is adjusted according to the needs of 
the body by the action of specific hormones on the kidneys. 
Through their effects on the kidneys, and the resulting 
changes in blood volume, these hormones serve important 
functions in the regulation of the cardiovascular system. 


Regulation of Blood Volume by 
Antidiwretic Hormone (ADH) 


One of the major hormones involved in the regulation of 
blood volume is antidiuretic (an “te-di“yi-ret ik) hormone 
(ADH), also known as vasupressin. As described in chapter 
19, this hormone is produced by neurons in the hypothala- 
mus, transported by axons into the neurohypophysis (pos- 
terior pituitary), and released from this storage gland in 
response to hypothalamic stimulation. The secretion of 
ADH from the posterior pituitary occurs when neurons 
called osmoreceptors in the hypothalamus detect an in- 
crease in blood plasma osmolality (osmotic pressure). 

An increase in plasma osmolality occurs when the 
plasma becomes more concentrated (chapter 5). This can 
occur either through dehydration or through excessive salt in- 
take. Stimulation of osmoreceptors produces sensations of 
thirst, leading to increased water intake and increased ADH 
secretion from the posterior pituitary. Through mechanisms 
that we will consider in connection with kidney physiology 
in chapter 25, ADH stimulates water reabsorption from the 
filtrate. A smaller volume of urine is thus excreted as a result 
of the action of ADH (fig. 22.10). 

A person who is dehydrated or who consumes exces- 
sive amounts of salt thus drinks more and urinates less. This 
raises the blood volume and, in the process, dilutes the 
plasma to lower its previously elevated osmolality. The rise 
in blood volume that results from these mechanisms is ex- 
tremely important in stabilizing the condition of a dehy- 
drated person with low blood volume and pressure. 

Drinking excessive amounts of water without exces- 
sive amounts of salt does not result in a prolonged increase 
in blood volume and pressure. The water does enter the 
blood from the GI tract and momentarily ratses the blood 
volume; at the same time, however, it dilutes the blood. 
Dilution of the blood decreases the plasma osmolality and 
thus inhibits ADH secretion. With less ADH, there is less 
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FIGURE 22.10 
The negative feedback control of blood volume and blood 


osmolality. 


reabsorption of filtrate in the kidneys—a larger volume of 
urine is excreted. Water is therefore a diuretic (di “yit-ret ik) — 
a substance that promotes urine formation—because it in- 
hibits the secretion of antidiuretic hormone. 

In addition to the activity of osmoreceptors, another 
mechanism operates to inhibit ADH secretion when fluid 
intake is excessive. An excessively high blood volume stim- 
ulates stretch receptors located in the left atrium of the 
heart. Stimulation of these stretch receptors, in turn, acti- 
vates a reflex inhibition of ADH secretion, which in turn 
promotes a lowering of blood volume through increased 
urine production. This inhibition of ADH secretion is in- 
dependent of the inhibitory effects that a decrease in 
plasma osmolality would produce. Experimental stimula- 
tion of the stretch receptors by inflation of a balloon in 


diuretic. Gk. d/a, through; ouresis, urination 
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the left atrium duplicates the inhibition of ADH secretion 
produced by high blood volume. 


During prolonged exercise, particularly on a warm 
day, a substantial amount of water may be lost from 
the body through sweating (up to 900 ml per hour or 
more). The lowering of blood volume that results 
decreases the ability of the body to dissipate heat, and the 
consequent overheating of the body can cause ill effects and 
put an end to the exercise. The need for athletes to remain 
well hydrated is commonly recognized, but drinking pure 
water may not be the answer. This is because blood sodium is 
lost in sweat, so that a lesser amount of water is required to 
dilute the blood osmolality back to normal]. When the blood 
osmolality is normal, the urge to drink is extinguished. For 
these reasons, endurance athletes should drink solutions 
containing sodium (as well as carbohydrates for energy), and 
they should drink at a predetermined rate rather than ata 
rate determined only by thirst. 


Regulation of Blood Volume by Aldosterone 


From the preceding discussion, it is clear that a certain 
amount of dietary salt is required to maintain blood volume 
and pressure. Since Na* and Cl are easily filtered in the 
kidneys, a mechanism must exist to promote the reabsorption 
and retention of salt when the dietary salt intake is too low. 
Aldosterone, a steroid hormone secreted by the adrenal cor- 
tex, stimulates the reabsorption of salt by the kidneys. Al- 
dosterone is a “salt-retaining hormone.” Retention of salt 
indirectly promotes retention of water (in part, by the ac- 
tion of ADH). Aldosterone thus acts to increase the blood 
volume, but unlike ADH, itdoes not affect plasma osmo- 
lality. This is because aldosterone promotes the reabsorp- 
tion of salt and water in proportionate amounts, whereas 
ADH promotes only the reabsorption of water. Thus aldos- 
terone, unlike ADH, does not act to dilute the blood. 

The secretion of aldosterone is stimulated during salt 
deprivation, when blood volume and pressure are reduced. 
The adrenal cortex, however, is not directly stimulated to 
secrete aldosterone by these conditions. Instead, a decrease 
in blood volume and pressure activates an intermediate 
mechanism that involves the enzyme renin and the plasma 
protein angiotensin. 

Throughout most of human history, salt was in short 
supply and was therefore highly valued. Moorish merchants 
in the sixth century traded an ounce of salt for an ounce of 
gold and salt cakes were used as money in Abyssinia. Part 
of a Roman soldier's pay was given in salt—it was from this 
practice that the word salary (sal = salt) was derived. The 
phrase “worth his salt" derives from the fact that Greeks and 
Romans sometimes purchased slaves with salt. 
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FIGURE 22.11 
The negative feedback control of blood volume and pressure by 
the renin-angiotensin-aldosterone system. 


Renin-Angiotensin System = When blood flow and pressure 
are reduced in the renal artery (as they would be in the low 
blood volume state of salt deprivation), a group of cells in the 
kidneys, called the juxtaglomerular (juk “sta-glo-mer ‘yit-lar) 
apparatus, secretes the enzyme renin into the blood. This 
enzyme cleaves a 10-amino-acid polypeptide called an- 
giotensin T from a plasma protein called angrotensmogen. As 
angiotensin [ passes through the capillaries of the lungs and 
other organs, an angivtensm-converting enzyme removes (WO 
amino acids. This leaves an 8-amino-acid polypeptide called 
angiotensin I] (fig. 22.11). Conditions of salt deprivation, 
low Binod volume, and low blood pressure, in summary, Cause 


increased production of angiotensin Hin the blood. 


Angiotensin II exerts numerous effects that result in 
a rise in blood pressure. Vasoconstriction of arterioles and 
small muscular arteries is produced directly by the effects 
of angiotensin I] on the smooth muscles of these vessels, 
causing the blood pressure to rise. The increased blood 
volume is an indirect effect of angiotensin II. . 


treat hypertension (high blood pressure) are the 
angiotensin-converting enzyme, or ACE, inhibitors. 
These drugs (such as captopr:!) block the formation of 
angiotensin II and thus promote vasodilation, which decreases 
the total peripheral resistance. This reduces the afterload of 
the heart and is thus also beneficial in the treatment of left 
ventricular hypertrophy and congestive heart failure 


\ One of the newer classes of drugs that can be used to 


J 


Angiotensin I] promotes a rise in blood volume by 
means of two mechanisms: (1) thirst centers in the hypo- 
thalamus are stimulated by angiotensin II, and thus more 
water is ingested, and (2) secretion of aldosterone from the 
adrenal cortex is stimulated by angiotensin I], and higher 
levels of aldosterone cause more salt and water to be retained 
by the kidneys. The relationship between angiotensin I] and 
aldosterone is sometimes described as the renin-angiotensin- 
aldosterone system. 


work in the opposite direction. High-salt intake, 

leading to high blood volume and pressure, normally 

inhibits renin secretion. With less angiotensin II 
formation and less aldosterone secretion, less salt is retained 
by the kidneys and more is excreted in the urine. 
Unfortunately, many people with chronic hypertension may 
have normal or even elevated levels of renin secretion. In 
these cases, the intake of salt must be lowered to match the 
impaired ability to excrete salt in the urine. 


\ The renin-angiotensin-aldosterone system can also 


Atrial Natriuretic Hormone As described in the previous 
section, a fall in blood volume is compensated for by renal re- 
tention of fluid through activation of the renin-angiotensin- 
aldosterone system. An increase in blood volume, conversely, 
is compensated for by renal excretion of a larger volume of 
urine. Experiments suggest that the increase in water ex- 
cretion under conditions of high blood volume ts at least 
partly due to an increase in the excretion of Na* in the urine, 
or natriuresis. 

Increased Na* excretion may be produced by a de- 
cline in aldosterone secretion, but there is evidence for 
a separate hormone that stimulates natriuresis. This na- 
triuretic (na ‘‘tri-yoou-ret‘ik) hormone would thus be 


natriuresis L. natrium, sodium; Gk. ouresis, urination 
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antagonistic to aldosterone and would promote Na* and 
water excretion in the urine in response to a rise in blood 
volume. The atria of the heart have been shown to pro- 
duce a hormone with these properties, which is now iden- 
tified as atrial natriuretic hormone. By promoting salt 
and water excretion in the urine, atrial natriuretic hor- 
mone can act to lower the blood volume and pressure. 
This action is analogous to that of diuretic drugs taken 
by people with hypertension, as we will describe later in 
this chapter. 


The rate of blood flow to an organ is dependent on the resistance to flow 
in the small arteries and arterioles that serve the organ. Vasodilation 
decreases resistance and increases flow, whereas vasoconstriction 
increases resistance and decreases flow. Vasodilation and 
vasoconstriction occur in response to intrinsic and extrinsic regulatory 
mechanisms. 


The amount of blood that the heart pumps per minute is 
equal to the rate of venous return, and thus is equal to the 
rate of blood flow through the entire circulatory system. The 
cardiac output of 5 to 6 L per minute is distributed unequally 
to the different organs. At rest, blood flow is about 2500 ml 
per minute through the liver, kidneys, and gastrointestinal 
tract; 1200 ml per minute through the skeletal muscles; 750 
ml per minute through the brain; and 250 ml per minute 
through the coronary arteries of the heart. The balance of 
the cardiac output (500 to 1100 ml per minute) is distrib- 
uted to the other organs (table 22.3). 


Physical laws Describing Blood Flow 


The flow of blood through the circulatory system, like the 
flow of any fluid through a tube, depends on the difference 
in pressure at the two ends. If the pressure at both ends of a 
tube is the same, there will be no flow. If che pressure at one 
end is greater than at the other, blood will flow from the re- 
gion of higher to the region of lower pressure. The rate of 
blood flow is proportional to the pressure difference (P; - 
P>) between the two ends of the tube. The term pressure 
difference is abbreviated AP, in which the Greek letter A 
(delta) means “change tn” (tig. 22.12). 

If the systemic circulation ts pictured as a single tube 
leading from and back to the heart (fig. 22.12), blood flow 
through this system would occur as a result of the pressure 
difference berween the pressure at the beginning of the tube 
(the aorta) and that at the end of the tube (the junction of 


Millititers per min 


Source: O. L. Wade and J. M. Bishop, Cardiac Output and Regional 
Blood Flow. Copyright © 1962 Blackwell Scientific Publications, 
Ltd., England. 


ZF 


Pa Pressure = 0 mmHg 


OP=100-0 


= 100 mmHg 


FIGURE 22.12 

The flow of blood in the systemic circulation is ultimately 
dependent on the pressure difference (AP) between the mean 
pressure of about 100 mmHg at the origin of the flow in the aorta 
and the pressure at the end of the circuit—zero mmHg in the vena 
cava, where it joins the right atrium (RA). (LA = left atrium, RV = 
right ventricle, LV = left ventricle.) 


Pressure = 120/80 
(mean = 100 mmHg) 


the venae cavae with the right atrium). The average, or 
mean, arterial pressure is about 100 mmHg; the pressure at 
the right atrium is O mmHg. The “pressure head,” or driving 
force (AP), is therefore about 100 —- 0 = 100 mmHg. 

Blood flow is directly proportional to the pressure dif- 
ference between the two ends of the tube (AP) but is 
inversely proportional to the frictional resistance to blood 
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(a) 
Radius = 1mm 
Resistance = A 0 
Blood flow = F 


Radius = 1mm 
Resistance = R 
Blood flow = F 


Radius = 2 
Resistance = 1/16 R 
Blood flow = 16 F 


Radius = 1/2 mm 
Resistance = 16 R 
Blood flow = 1/16 F 


(b) 
FIGURE 22.13 
Relationships between blood flow, vessel radius. and resistance. 
(a) The resistance and blood flow is equally divided between two 
branches of a vessel. (b) A doubling of the radius of one branch 
and halving of the radius of the other produces a sixteentold 


increase in blood flow in the former and a sixteenfold decrease of 
blood flow in the latter. 


flow through the vessels. Inverse proportionality is expressed 
by showing one of the factors in the denominator of a 
fraction, since a fraction decreases when the denomina- 
tor increases: 


Blood flow « —AP — 

resistance 
The resistance to blood flow through a vessel is di- 
rectly proportional to the length of the vessel and to the 
viscosity of the blood (the “thickness,” or ability of mole- 
cules to “slip over” each other). Vascular resistance is in- 
versely proportional to the fourth power of the radius of the 

vessel: 


Ln 
Resistance “ =F 


where: 
L = length of vessel 
N = viscosity of blood 
r = radius of vessel 


For example, if one vessel has half the radius of another 
and if all other factors are the same, the smaller vessel would 
have 16 tumes (24) the resistance of the larger vessel. Blood 
flow through the larger vessel, as a result, would be 16 times 
greater than it would be in the smaller vessel (fig. 22.13). 
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When physical constants are added to this 
relationship, the rate of blood flow can be 
calculated according to Poiseuille’s (pwa- 


«—Anerial zuh“yez) law: 
blood 
APr* (1) 
Blood flow ari 
nL(8) 
Vessel length and blood viscosity do not 
nawag ORY significantly in normal physiology, al- 
eria aie 
blood though blood viscosity is increased in severe 


dehydration and in the polycythemia (high red 

blood cell count) that occurs as an adaptation 

to life at high altitudes. The major physiologi- 

cal regulators of blood flow through an organ 
are the mean arterial pressure (driving the flow) and the 
vascular resistance to flow. Ata given mean arterial pres- 
sure, blood can be diverted from one organ to another by 
variations in the degree of vasoconstriction and vasodila- 
tion, Vasoconstriction in one organ and vasodilation in an- 
other results in a diversion of blood to the second organ. 
Since arterioles are the smallest arteries and can become 
narrower by vasoconstriction, they provide the greatest re- 
sistance to blood flow (fig. 22.14). Blood flow to an organ is 
thus largely determined by the degree of vasoconstriction 
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FIGURE 22.14 


Blood pressure in different vessels of the systemic circulation 


Poiseuille's law: from Jean Poiseuille, French physiologist, 1799-1869 
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Hepatic vein 
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Hepatic 
portal vein 
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FIGURE 22.15 


A diagram of the systemic and pulmonary circulations. Notice 
that with few exceptions (such as the blood flow in the renal 
circulation) the flow of arterial blood is in parallel rather than in 
series (arterial blood does not usually flow from one organ to 
another). 


or vasodilation of its arterioles. The rate of blood flow to 
an organ can be increased by dilation of its arterioles and de- 
creased by constriction of its arterioles. 


Total Peripheral Resistance The sum of all the vascular 
resistances within the systemic circulation is called the total 
peripheral resistance. The arterial supplies to the organs, 
which contribure to this total, are generally in parallel rather 
than in series with each other. That ts, arterial blood passes 
through only one set of resistance vessels (arterioles) before 
returning to the heart (fig. 22.15). Since one organ is not 
“downstream” from another in terms of its arterial supply, 
changes in resistance within one organ directly affect blood 
flow in that organ only. 

Vasodilation ina large organ might, however, signifi- 
cantly decrease the total peripheral resistance, and thus de- 
crease the mean arterial pressure. In the absence of 
compensatory mechanisms, the driving force for blood flow 
through all organs might be reduced. This situation ts nor- 
mally prevented by an increase in the cardiac output and by 
Vasoconstriction in other areas. During exercise of the large 
muscles, for example, the artertoles in the exercising muscles 
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are dilated. This would cause a 
significant drop in the mean ar- 
terial pressure if there were no 
compensations. But the blood 
pressure actually rises during ex- 
ercise because of an increase in 
the cardiac output and constric- 
tion of the arterioles in the vis- 
cera and skin. 


Extrinsic Regulation 
of Blood Flow 


The term extrinsic regulation refers 
to control by the autonomic 
nervous system and endocrine 
system. Angiotensin II, for 
example, directly stimulates vas- 
cular smooth muscle to produce generalized vasoconstric- 
tion. Antidiuretic hormone (ADH) also has a vasocon- 
strictor effect at high concentrations; this is why it is also 
called vasopressin. This vasopressor effect of ADH is not 
believed to be significant under physiological conditions in 
humans. 


Hepatic artery 


Splenic artery 


Mesenteric artery 
(from intestine) 


Renal 
afferent arterioles 


Renal 
efferent arterioles 


Regulation by Sympathetic Nerves Stimulation of the 
sympathoadrenal system produces an increase in the car- 
diac output (as previously discussed) and an increase in 
total peripheral resistance. The latter effect is due to alpha- 
adrenergic stimulation (chapter 17) of vascular smooth 
muscle by norepinephrine and, to a lesser degree, by epi- 
nephrine. This produces vasoconstriction of the arterioles in 
the viscera and skin. 

Even when a person is calm, the sympathoadrenal sys- 
tem is somewhat active and helps set the “tone” of vascular 
smooth muscles. In this case, adrenergic sympathetic fibers 
(those that release norepinephrine) cause a basal level of 
vasoconstriction throughout the body. During the fight-or- 
flight reaction, the activity of adrenergic fibers increases so 
that vasoconstriction is produced in the gastrointestinal 
tract, kidneys, and skin. 

Arterioles in skeletal muscles receive cholinergic sym- 
pathetic fibers, which release acetylcholine as a neuro- 
transmitter. In the fight-or-flight reaction, the activity 
of these cholinergic fibers increases, causing vasodilation. 
Vasodilation in skeletal muscles is also produced by 


Table oo.4 Extri 
{ s yt npathetic nerves 


t Comments 


—— eae == = 


nsic control of vascular resistance and blood flow 


ae = 


_ Alpha-adrenergic Vasoconstriction The effect occurs throughout the body and is the dominant effect of sympathel 
a stimulation on the circulatory system. iaty 
Beta-adrenergic Vasodilation There is some activity in arterioles in skeletal muscles and in coronary vessels, b 
P masked by dominant alpha-receptor-mediated constriction. — 
y . ‘ e ee ae 
Cholinergic Vasodilation Effects are localized to arterioles in skeletal muscles and are produced only during a efe 
é (fight-or-flight) reaction. A 
Parasympathetic nerves —_Vasodilation Effects are primarily restricted to the gastrointestinal tract, external genitalia, and alivary 
. glands and have little effect on total peripheral resistance. — 
Angiotensin |! Vasoconstriction A powertul vasoconstrictor produced as a result of secretion of renin from the kidneys, i 
.* function to help maintain adequate filtration pressure in kidneys when systemic blo 
and pressure are reduced. = 
H (vasopressin) Vasoconstriction Although the effects of this hormone on vascular resistance and blood pressure in 
anesthetized animals are well documented, the importance of these effects in co scious 
humans is controversial. . 
Vasodilation 


Vasodilation 


-Vasodilation or Pros 


epinephrine secreted by the adrenal medulla, which stimu- 
lates beta-adrenergic receptors. During emergency condi- 
tions, therefore, blood flow to the viscera and skin is 
decreased due to the alpha-adrenergic effects of vasocon- 
striction in these organs, while blood flow to the skeletal 
muscles is increased. This diversion of blood flow to the 
skeletal muscles may give them an “extra edge” in re- 
sponding to the emergency. 


Parasympathetic Control of Blood Flow = Parasympathetic 
endings in arterioles always promote vasodilation. Parasym- 
pathetic innervation of blood vessels, however, is limited to 
the gastrointestinal tract, external genitalia, and salivary 
glands. Because of this limited distribution, the parasympa- 
thetic division of the ANS ts less important than the sym- 
pathetic division in the control of total peripheral resistance. 

The extrinsic control of blood tlow is summarized in 
table 22.4. 


It promotes localized vasodilation during inflammation and allergic reactions. 
Bradykinins are polypeptides secreted by sweat 
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promote local vasodilation. 
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Faracrine Regulation of Blood Flow 


Paracrine regulators, as described in chapter 19, are mole- 
cules produced by one tissue that help regulate another tis- 
sue of the same organ. A blood vessel is an organ that is 
particularly subject to paracrine regulation. Specifically, the 
endothelium of the tunica intima produces a number of 
paracrine regulators that cause the smooth muscle of the tu- 
nica media to either relax or contract. 

The endothelium produces several molecules that pro- 
mote smooth muscle relaxation, including nitric oxide, 
bradykinin, and prostacyclin (chapter 19). Nitric oxide ap- 
pears to be the endothelium-derived relaxation factor, which 
earlier research had shown to be required for the vasodilation 
response to nerve stimulation. The ACh released from 
parasympathetic axons stimulates the opening of Ca** chan- 
nels in the endothelial cell membrane; the Ca** then binds 
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to and activates calmodulin (chapter 19). Calmodulin, in 
turn, activates the enzyme nitric oxide synthetase, which 
converts L-arginine into nitric oxide. Nitric oxide then dif- 
fuses into the smooth muscle cells of the vessel to produce 
the vasodilation response to the nerve stimulation. (Inter- 
estingly, the vasodilator drugs often given to treat angina 
pectoris—nitroglycerin and sodium nitroprusside—promote 
vasodilation indirectly through their conversion into nitric 
oxide.) Bradykinin likewise seems to promote vasodilation 
indirectly by functtoning as an autocrine regulator that stim- 
ulates nitric oxide synthesis. 

The endothelium also produces paracrine regulators 
that stimulate vasoconstriction. Notable among these ts the 
polypeptide endothelin-}, Although the precise physiological 
role of this regulator is incompletely understood, it 1s cur- 
rently believed that it works together with the vasodilator 
regulators to help maintain normal vessel diameter and blood 
pressure. 


Intrinsic Regulation of Blood Flow 


Extrinsic control mechanisms affect resistance and flow in 
many regions of the body. In contrast to these more gen- 
eralized effects, intrinsic (built-in) mechanisms within in- 
dividual organs provide a more localized regulation of 
vascular resistance and blood flow. Intrinsic mechanisms 
are Classified as myogenic or metabolic. Some organs (the 
brain and kidneys in particular) are capable of utilizing 
these intrinsic mechanisms to maintain relatively constant 
flow rates despite wide fluctuations in blood pressure. This 
ability is termed autoregulation. 


Myogenic Control Mechanisms If the arterial blood pres- 
sure and flow through an organ are inadequate—if the organ 
is inadequately perfused with blood—the metabolism of the 
organ can only be maintained fora limited period of time. 
Excessively high blood pressure can also be dangerous, par- 
ticularly in the brain, because this may cause tine blood 
vessels to burst (causing cerebrovascular accident— 
CVA, or stroke). 

Changes in systemic arterial pressure are compensated 
for in the brain and some other organs by the appropriate 
responses of vascular smooth muscle. A decrease in arterial 
pressure causes cerebral vessels to dilate, so that adequate 
rates of blood flow can be maintained despite the decreased 
pressure. Hypertension, by contrast, causes cerebral vessels to 
constrict, so that finer vessels downstream are protected 
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from the elevated pressure. These responses are myogenic; 
they are direct responses by the vascular smooth muscle to 


changes in pressure. 


Metabolic Control Mechanisms = Local vasodilation within 
an organ can occur as a result of the chemical environ- 
ment created by the organ’s metabolism. The localized 
chemical conditions that promote vasodilation include 
(1) decreased O» concentrations that result from an increased 
metabolic rate; (2) increased CO) concentrations; (3) de- 
creased tissue pH (due to CO), lactic acid, and other meta- 
bolic products); and (4) the release of adenosine or K* from 
the tissue cells. 

The vasodilation that occurs in response to tissue me- 
tabolism can be demonstrated by restricting the blood flow 
to an area for a short time and then removing the constric- 
tion. The constriction allows metabolic products to accu- 
mulate by preventing venous drainage of the area. When 
the constriction is removed and blood flow resumes, the 
metabolic products that have accumulated cause vasodila- 
tion. The tissue thus appears red. This response ts called re- 
active hyperemia (hi “pe-re ‘me-a). A similar increase in blood 
flow occurs in skeletal muscles and other organs as a result of 
increased metabolism. This is called active hyperemia. 

Intrinsic control mechanisms are summarized in 
table 22.5. 


Blood Flow to the Heart 


and okeletal Muscles 


Blood flow to the heart and skeletal muscles is regulated by both extrinsic 
and intrmsic mechanisms. These mechanisms provide mcreased rates of 
blood flow when metabolic requirements are increased during exercise. 


Survival requires that the heart and brain receive adequate 
blood flow at all times. The ability of skeletal muscles to re- 
spond quickly in emergencies and to maintain continued 
high levels of activity may also be critically important for 
survival. At such times, high rates of blood flow to the skele- 
tal muscles must be maintained without compromising blood 
flow to the heart and brain. This is accomplished by mech- 
anisms that increase the cardiac output and that direct a 
higher proportion of the cardiac output to the heart, skele- 
tal muscles, and brain and away from the viscera and skin. 
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Aerolic Requirements of the Heart 


The coronary arteries supply an enormous number of 
capillaries that are packed within the myocardium at a 
density of about 2500 to 4000 per cubic millimeter of 
tissue. (Fast-twitch skeletal muscles, by contrast, have a 
capillary density of 300 to 400 per cubic millimeter of tis- 
sue.) Each myocardial cell, as a consequence, is within 
10 xm of a capillary (compared to an average distance in 
other organs of 60 to 80 um). The exchange of gases by 
diffusion between myocardial cells and capillary blood thus 
occurs very quickly. 

Contraction of the myocardium squeezes the coro- 
nary arteries. Unlike blood flow in all other organs, flow 
in the coronary vessels decreases in systole and increases 
during diastole. The myocardium, however, contains large 
amounts of myoglobin—pigment related to hemoglobin (the 
molecules in red blood cells that carry oxygen). Myoglo- 
bin in the myocardium stores oxygen during diastole and 
releases its oxygen during systole. In this way, the myocar- 
dial cells can receive a continuous supply of oxygen, even 
though coronary blood flow is temporarily reduced during 
systole. 

In addition to containing large amounts of myoglo- 
bin, heart muscle contains numerous mitochondria and 
aerobic respiratory enzymes. This indicates that—even 
more than slow-twitch skeletal muscles—the heart is spe- 
cialized for aerobic respiration. The normal heart always 
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Stretching of the arterial wall as the blood 
pressure rises directly stimulates 
increased smooth muscle tone 
pressure (vasoconstriction). 


Local changes in gas and metabolic 
concentrations act directly on vascular 
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respires aerobically, even during heavy exercise when the 
metabolic demand for oxygen can rise to five times rest- 
ing levels. This increased oxygen requirement is met by a 
corresponding increase in coronary blood flow—from about 
80 ml at rest to about 400 ml per minute per 100 g tissue 
during heavy exercise. 


Regulation of Coronary Blood Flow 


Sympathetic nerve fibers, through stimulation of alpha- 
adrenergic receptors in the coronary arterioles, produce a 
relatively high vascular resistance in the coronary circula- 
tion at rest. Vasodilation of coronary vessels may be pro- 
duced, in part, by sympathetic nerve activation of 
beta-adrenergic receptors. Most of the vasodilation that oc- 
curs during exercise, however, is due to intrinsic metabolic 
control mechanisms. As the metabolism of the myocardium 
increases, local accumulation of carbon dioxide, K*, and 
adenosine acts directly on the vascular smooth muscle to 
cause relaxation and vasodilation. 


Circulatory System: Cardiac Output and Blood Flow 


= Under abnormal conditions, the blood flow to the 
myocardium may be inadequate, resulting in 
myocardial ischemia (described in chapter 21). The 
cause may be blockage by atheromas and/or blood 
clots or muscular spasm of a coronary artery. Occlusion ofa 
coronary artery can be visualized by a technique called 
selective coronary arteriography. In this procedure, a 
catheter (plastic tube) is inserted into a brachial or femoral 
artery all the way to the opening of the coronary arteries in 
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the aorta, whereupon radiographic 
contrast material is injected The 
picture obtained is called an 
angiogram 

If an occlusion is sufficiently great, 
a coronary bypass operation may be 
performed. In this procedure, a 
length of blood vessel (usually taken 
from the great saphenous vein in the 
leg), 1s sutured to the ascending aorta 
and to the coronary artery ata 
location beyond the site of the 
occlusion (fig. 22.16) 


Regulation of Blood Flow 
through sheletal Muscles 


The arterioles in skeletal muscles, 
like those of the coronary circulation, 
have a high vascular resistance at rest 
as a result of alpha-adrenergic sym- 
pathetic stimulation. This produces 
a relatively low rate of blood tlow, but 
because muscles have such a large 
mass, this still accounts for 20% to 
25% of the total blood flow in the 
body art rest. Also, as in the heart, 
blood flow in a skeletal muscle de- 
creases when the muscle contracts 
and squeezes its arterioles, and blood 
flow stops entirely when the muscle contracts beyond about 
70% of its maximum. Pain and fatigue thus occur much more 
quickly when an isometric contraction is sustained than when 


FIGURE 22.16 


rhythmic contractions are performed. 

In addition to adrenergic fibers that promote vaso- 
constriction by stimulation of alpha-adrenergic receptors, 
there are also sympathetic cholinergic fibers in skeletal mus- 
cles. These cholinergic fibers, together with the stimulation 
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A diagram of coronary artery bypass surgery. 
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of beta-adrenergic receptors by the 
hormone epinephrine, stimulate va- 
sodilation as part of the fight-or-flight 
response to any stressful state, in- 
cluding that existing just prior to ex- 
ercise (table 22.6). These extrinsic 
controls have been previously dis- 
cussed and function to regulate blood 
flow through muscles at rest and upon 
anticipation of exercise. 

As exercise progresses, the va- 
sodilation and increased skeletal mus- 
cle blood flow that occur are almost 
entirely due to intrinsic metabolic con- 
trol. The high metabolic rate of skele- 
tal muscles during exercise causes local 
changes, such as increased carbon diox- 
ide concentrations, decreased pH (due 
to carbonic acid and lactic acid), de- 
creased oxygen, increased extracellu- 
lar K*, and the secretion of adenosine. 
As in the intrinsic control of the coro- 
nary circulation, these changes cause 
vasodilation of arterioles in skeletal 
muscles, thus decreasing the vascular 
resistance and increasing the rate of 
blood flow. This effect is combined 
with the recruitment of capillaries by 
the opening of precapillary sphincter muscles (only 5% to 10% 
of the skeletal muscle capillaries are open at rest). Asa result of 
these changes, skeletal muscles can receive as much as 85% of 
the total blood flow in the body during maximal exercise. 


Circulatory Changes during Exercise 


While the vascular resistance in skeletal muscles decreases 
during exercise, the resistance to flow through visceral organs 
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| minute (bottom of figure); during heavy work, the cardiac 
» output increases to 25 L per minute (top of figure). Atrest, 

for example, the brain receives 15% of SLperminute ) — 

| {= 750 ml/min), whereas during exercise it receives 3% to 4% 
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and skin increases. This increased resistance occurs because Blood flow to the heart also increases during exercise, 
of vasoconstriction stimulated by adrenergic sympathetic whereas blood flow to the brain does not appear to change 
fibers and results in decreased rates of blood flow through significantly (fig. 22.17). 

these organs. During exercise, therefore, the blood flow to During exercise, the cardiac output can increase five- 
skeletal muscles increases because of three simultaneous fold—from about 5 L per minute to abour 25 L per minute. 
changes: (1) increased total blood flow (cardiac output), This is primarily due to an increase in cardiac rate. The 
(2) metabolic vasodilation in the exercising muscles, and cardiac rate, however, can only increase up to a maximum 
(3) the diversion of blood away from the viscera and skin. value (table 22.7), determined mainly by a person's age. In 
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athletes who are very well trained, the stroke volume can 
also increase significantly, allowing these individuals to 
achieve a cardiac output during strenuous exercise up to six 
or seven times their resting values. 

In most people, the stroke volume can only increase 
from 10% to 35% during exercise. The fact that the stroke 
volume can increase at all during exercise may at first be sur- 
prising, since the heart has less time to fill with blood be- 
tween beats when it is pumping faster. Despite the faster beat, 
however, the end-diastolic volume during exercise is not de- 
creased. This is because the venous return is aided by the im- 
proved action of the skeletal muscle pumps and by increased 
respiratory movements during exercise (fig. 22.18). Since the 
end-diastolic volume is not significantly changed during ex- 
ercise, any increase in stroke volume that occurs must be due 
to an increase tn the proportion of blood ejected per stroke. 

The proportion of the end-diastolic volume ejected 
per stroke can increase from 60% at rest to 90% during 
heavy exercise. This increased ejection fraction is produced 
by the increased contractility that results from sympatho- 
adrenal stimulation. There also may be a decrease in total 
peripheral resistance as a result of vasodilation in the ex- 
ercising skeletal muscles, which decreases the afterload and 
thus further augments the increase in stroke volume. The 
cardiovascular changes that occur during exercise are sum- 
marized in table 22.8. 

Endurance training often results in a lowering of the 
resting cardiac rate and an increase in the resting stroke vol- 
ume. The lowering of the resting cardiac rate results from a 
greater degree of inhibition of the SA node by parasympa- 
thetic stimulation through the vagus nerves. The increased 
resting stroke volume ts believed to be due to an increase in 
blood volume; indeed, studies have shown that the blood 
volume can increase by about 500 ml after only 8 days of 
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Cardiovascular adaptations to exercise. 


training. These adaptations enable the trained athlete to 
produce a larger proportionate increase in cardiac output 
and achieve a higher absolute cardiac output during exer- 
cise. This large cardiac output is the major factor in the im- 
proved oxygen delivery to skeletal muscles that occurs as a 
result of endurance training. 


Intrinsic control mechanisms help to maintam a relatively constant 
blood flow to the brain. Blood flow to the skin, by contrast, can vary 
tremendously in response to regulation by sympathetic nerve 
stimulation. 


The examination of cerebral and cutaneous blood flow is a 
study in contrasts. Cerebral blood flow is regulated primar- 
ily by intrinsic mechanisms; cutaneous blood flow is regu- 
lated by extrinsic mechanisms. Cerebral blood flow is 
relatively constant; cutaneous blood flow exhibits more vari- 
ation than that of any other organ. The brain is the organ 
that can least tolerate low rates of blood flow; the skin is 
the organ that can most tolerate low rates. 


Cerebral Circulation 


When the brain is deprived of oxygen for only a few sec- 
onds, the person loses consciousness; irreversible brain injury 
may occur after only a few minutes. For these reasons, the 


Table uL.0 Cardiovascular changes during moderate exercise 


Variable 


Change Mechanisms 
Cardiac output Increased Cardiac rate and stroke volume increased : 
Cardiac rate Increased Increased sympathetic nerve activity; decreased activity of the vagus Na 
_ Stroke volume Increased Increased myocardial contractility due to stimulation by sympathoadrenal 
system; decreased total peripheral resistance vw 
Total peripheral resistance Decreased Vasodilation of arterioles in skeletal muscles (and in skin when y i‘ 
} thermoregulatory adjustments are needed) ; 
Arterial blood pressure Increased Increased systolic and pulse pressure due primarily to increased ni : 
output; diastolic pressure rises less due to decreased total porn 
a resistance “4 _ 
 End-diastolic volume (EDV) Unchanged Decreased filling time at high cardiac rates is offset by increased venous 
‘ Pressure, increased activity of the skeletal muscle pump, ang decre 
intrathoracic pressure aiding the venous return ‘f : 
J 
d flow to heart and muscles Increased Increased muscle metabolism produces intrinsic vasodilation; aided 4 
. increased cardiac output and increased vascular resistance in viscera 
organs 
low to visceral organs Decreased Vasoconstriction in GI tract, liver, and kidneys due to sympathetic 
4 nerve stimulation 
low to skin 


Increased 


As 


cerebral blood flow is remarkably constant at about 750 ml 
per minute. This amounts to about 15% of the total cardiac 


Output at rest. 

Unlhke the coronary and skeletal muscle blood flow, 
cerebral blood flow is not normally influenced by sympa- 
thetic nerve stumulation. Only when the mean arterial pres- 
sure rises to about 200 mmHg do sympathetic impulses cause 
a significant degree of vasoconstriction in the cerebral cir- 
culation. This vasoconstriction helps to protect small, thin- 
walled arterioles from bursting under the pressure, and thus 
helps to prevent cerebrovascular accident (stroke). 

In the normal range of arterial pressures, cerebral 
blood flow ts regulated almost exclusively by intrinsic mech- 
anisms. These mechanisms help to ensure a constant rate 
of blood flow despite changes in systemic arterial pressure— 

a process called autoregulation. The autoregulation of cere- 
bral blood flow is achieved by both myogenic and metabolic 


mechanisms. 


Metabolic heat produced by exercising muscles produces ee involving 
nypothalamus) that reduces 


ympaths Cll cons tr ctio! ote 


Myogenic Regulation = Myovenic regulation occurs in re- 
sponse to variation in systemic arterial pressure. The cerebral 
arteries automatically dilate when the blood pressure falls 
and constrict when the pressure rises. This helps to main- 
tain a constant flow rate during the normal pressure varia- 
tions that occur during rest, exercise, and emotional states. 

The cerebral vessels are also sensitive to the carbon 
dioxide concentration of arterial blood. When the carbon 
dioxide concentration rises as a result of inadequate venti- 
lation (hypoventilation), the cerebral arterioles dilate. This 
is believed to be due to decreases in the pH of cerebrospinal 
fluid rather than to a direct effect of CO) on the cerebral 
vessels. Conversely, when the arterial CO; falls below nor- 
mal during hyperventilation, the cerebral vessels constrict. 
The resulting decrease in cerebral blood flow is responsible 
for the dizziness experienced during hyperventilation. 


Circulatory System: Cardiac Output and Blood Flow 


Metabolic Regulation § The cerebral arterioles are ex- 
quisitely sensitive to local changes in metabolic activity, 
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so that those brain regions with the highest 
metabolic activity get the most blood. Indeed, 
areas of the brain that control specific processes 
have been mapped by the changing patterns of 
blood flow that result when these areas are ac- 
tivated. Visual and auditory stimuli, for exam- 
ple, increase blood flow to the appropriate 
sensory areas of the cerebral cortex, whereas 
motor activities, such as movements of the eyes, 
arms, and organs of speech, result in different 
patterns of blood flow (fig. 22.19). 

The exact mechanisms by which increases 
in neural activity in a particular area of the brain 
elicit local vasodilation are not completely un- 
derstood. There is evidence that local cerebral 
vasodilation may be caused by K*, which is re- 
leased from active neurons during repolarization. 
It has been proposed that astrocytes may take up 
this extruded K* near the active neurons and 
then release the K* through their vascular 
processes (chapter 14) surrounding arterioles, 
thereby causing the arterioles to dilate. Addi- 
tionally, cerebral vasodilation is produced by ni- 
tric oxide from the arterial endothelium, as 
previously discussed. 


Cutaneous Blood Flow 


The skin is the outer covering of the body and 
as such serves as the first line of defense against 
invasion by disease-causing organisms. The skin, 


(d) 


FIGURE 22.19 

Computerized picture of blood-flow distribution in the brain after injecting the 
carotid artery with a radioactive isotope. In (a), on the left, the subject followed a 
moving object with his eyes. High activity is seen over the occipital lobe of the 
brain. In (a), on the right, the subject listened to spoken words. Notice that the 
high activity is seen over the temporal lobe (the auditory cortex). In (b), on the 
left, the subject moved his fingers on the side of the body opposite to the cerebral 
hemisphere being studied. In (b), on the right, the subject counted to 20. High 
activity is shown over the mouth area of the motor cortex, the supplementary 
motor area, and the auditory cortex. 


as the interface between the internal and external envi- 


ronments, also serves to help maintain a constant deep- 
body temperature despite changes in the ambient (external) 
temperature—a process called thermoregulation. The thin- 
ness and extensiveness of the skin (1.0-1.5 mm thick; 
1.7-1.8 square meters in surface area) make it an effective 
radiator of heat when the body temperature is greater than 
the ambient temperature. The transfer of heat from the 
body to the external environment is aided by the flow 
of warm blood through capillary loops near the surface of 


the skin. 


Blood flow through the skin is adjusted to maintain 
deep-body temperature at about 37° C (98.6° F). The ad- 
justments are made by variations in the degree of constriction 
or dilation of ordinary arterioles and of unique arteriovenous 
anastomoses (fig. 22.20). These latter vessels, found pre- 
dominantly in the fingertips, palms, toes, soles, ears, nose, 
and lips, shunt blood directly from arterioles to deep venules, 


anastomosis: Gk. anastomosis, opening or outlet 


thus bypassing superficial capillary loops. Both the ordinary 
arterioles and the arteriovenous anastomoses are innervated 
by sympathetic nerve fibers. When the ambient temperature 
is low, sympathetic nerves stimulate cutaneous vasocon- 
striction; cutaneous blood flow is thus decreased, so that less 
heat will be lost from the body. Since the arteriovenous anas- 
tomoses also constrict, the skin may appear rosy because the 
blood is diverted to the superficial capillary loops. Despite 
this rosy appearance, the total cutaneous blood flow and rate 
of heat loss is lower than under usual conditions. 

Skin can tolerate an extremely low blood flow in cold 
weather because its metabolic rate decreases when the am- 
bient temperature decreases. In cold weather, therefore, the 
skin requires less blood. As a result of exposure to extreme 
cold, however, blood flow to the skin can be so severely re- 
stricted that the tissue dies—a condition known as frostbite. 
Blood flow to the skin can vary from less than 20 ml per 
minute at maximal vasoconstriction to as much as 3 to 4. L 
per minute at maximal vasodilation. 
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FIGURE 22.20 


Circulation in the skin showing arteriovenous anastomoses. 
These vessels function as shunts, allowing blood to be diverted 
directly from the arteriole to the venule, thus bypassing 
superficial capillary loops. 


As the temperature warms, cutaneous arterioles in the 
hands and feet dilate as a result of decreased sympathetic 
nerve stimulation. Continued warming causes dilation of 
arterioles in other areas of the skin. If the resulting increase 
in cutaneous blood flow is not sufficient to cool the body, se- 
cretion of the sweat glands may be stimulated. Sweat helps 
to cool the body as it evaporates from the surface of the 
skin. Also, the sweat glands secrete bradykinin, a polypep- 
tide that stimulates vasodilation. This increases blood flow 
to the skin and to the sweat glands, so that larger volumes 
of more dilute sweat are produced. 

Under the usual conditions of ambient temperature, 
the cutaneous vascular resistance is high and the blood flow 
is low when a person is not exercising. In the pre-exercise 
state of fight or flight, sympathetic nerve stimulation 
reduces cutaneous blood flow still further. During exer- 
cise, however, the need to maintain a deep-body tempera- 
ture takes precedence over the need to maintain an ade- 
quate systemic blood pressure. As the body temperature 
rises during exercise, vasodilation in cutaneous vessels is 
accompanied by vasodilation in the exercising muscles. This 
can produce an even greater lowering of total peripheral 
resistance. If exercise is performed in hot and humid 
weather, and if restrictive clothing increases skin tempera- 
ture and cutaneous vasodilation, a dangerously low blood 


Increased 
pressure 
——. 


Decreased 
pressure 


Constriction 


FIGURE 22.21 


A constriction increases blood pressure upstream (analogous to 
the arterial pressure) and decreases pressure downstream 
(analogous to capillary and venous pressure). 


pressure may be produced after exercise has ceased and the 
cardiac output has declined. People have lost conscious- 
ness and have even died as a result. 

Changes in cutaneous blood flow occur as a result of 
changes in sympathetic nerve stimulation. Since the auto- 
nomic nervous system is controlled by the brain, emotional 
states, acting through control centers in the medulla ob- 
longata, can affect sympathetic activity and cutaneous blood 
flow. During fear reactions, for example, vasoconstriction 
in the skin, along with activation of the sweat glands, can 
produce a pallor and a “cold sweat.” Other emotions may 
cause vasodilation and blushing. 


Blood Pressure 


The pressure of the arterial blood is regulated by the blood volume, total 
peripheral reststance, and the cardiac rate. Regulatory mechanisms 
adjust these factors in a negative feedback manner to compensate for 


deviations. Arterial pressure rises and falls as the heart goes through 
systole and diastole. 


Resistance to flow in the arterial system is greatest in the 
arterioles because these vessels have the smallest diame- 
ters. Although the total blood flow through a system of 
arterioles must be equal to the flow in the larger vessel 
that gave rise to those arterioles, the narrowness of each 
arteriole reduces the flow rate in each according to 
Poiseuille's law. Blood flow rate and pressure are thus re- 
duced in the capillaries, which are located downstream of 
the high resistance imposed by the arterioles. The blood 
pressure upstream of the arterioles—in the medium and 
large arteries—is correspondingly increased (fig. 22.21). 
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The blood pressure and flow rate within the 
capillaries are further reduced by the fact that 
their total cross-sectional area is much greater 
(due to their large number) than the cross- 
sectional areas of the arteries and arterioles (fig. 
22.22). Thus, although each capillary is much 


narrower than each arteriole, the capillary beds 


Area (cm?) 


served by arterioles do not provide as great a re- 
sistance to blood tlow as do the arterioles. 
Variations in the diameter of arterioles due 
to vasoconstriction and vasodilation thus simul- 
taneously affect blood flow through capillaries 
and the arterial blood pressure “upstream” from 
the capillaries. An increase in total peripheral 
resistance due to vasoconstriction of arterioles 
can raise arterial blood pressure. Blood pressure 
can also be raised by an increase in the cardiac 
output. This may be due to elevations in cardiac 
rate or stroke volume, which in turn are affected 
by other factors. The three most important vari- 
ables affecting blood pressure are the cardiac rate, 
stroke volume (determined primarily by the 
blood volume), and total peripheral resistance. 
An increase in any of these variables, if not off- 


set by a decrease in another variable, will result in z 
: E 
an increased blood pressure. E 
; 2 
Arterial « cardiac x — total 3 
Fi n 
blood output peripheral & 
pressure resistance 
Cardiac Stroke 
rate volume 


Blood pressure can thus be regulated by the kidneys, 
which control blood volume, and by the sympathoadrenal 
system. Increased activity of the sympathoadrenal system can 
raise blood pressure by sumulating vasoconstriction of arte- 
rioles (raising total peripheral resistance) and by promoting 
an increased cardiac output. Sympathetic stimulation can 
also affect blood volume indirectly, by stimulating constric- 
tion of renal blood vessels and thus reducing urine output. 


Regulation of Blood Pressure 


In order to maintain blood pressure within normal limits, 
specialized receptors for pressure are needed. These barore- 
ceptors are stretch receptors located in the aortic arch and 
in the carotid sinuses. An increase in pressure Causes the 
walls of these arterial regions to stretch and stimulate the 
activity of sensory nerve endings. A fall in pressure helow 


baroreceptor Gk baros, pressure L. receiver, 10 receive 
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FIGURE 22.22 

As blood passes from the aorta to the smaller arteries, arterioles, 
and capillanes, the cross-sectional area increases and the 
pressure decreases. 


the normal range, by contrast, causes a decrease in the fre- 
quency of action potentials produced by these sensory 
nerve fibers. 

Sensory nerve activity from the baroreceptors ascends 
via the vagus and glossopharyngeal nerves to the medulla 
oblongata, which directs the autonomic nervous system to 
respond appropriately. Vasomotor control centers in the 
medulla oblongata control vasoconstriction/vasodilation, 
and hence help regulate total peripheral resistance. Cardiac 
control centers in the medulla oblongata regulate the car- 
diac rate (fig. 22.23). 
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FIGURE 22.23 


The baroreceptor reflex. Sensory stimuli from baroreceptors in the carotid sinus and the 
gortic arch, acting via control centers in the medulla oblongata, affect the activity of 


sympathetic and parasympathetic nerve fibers in the heart. 


Baroreceptor Reflex = The baroreceptor reflex is activated 
whenever blood pressure either increases or decreases. The re- 
flex is somewhat more sensitive to decreases in pressure than 
to increases and is more sensitive to sudden changes in pres- 
sure than to more gradual changes. A good example of the 
importance of the baroreceptor reflex in normal physiology is 
its activation whenever a person goes from a lying to a stand- 
ing position. 

When a person goes from a lying to a standing posi- 
tion, there is a shift of 500 to 700 ml of blood from the veins 
of the thoracic cavity to veins in the lower extremities, 
which expand to contain the extra volume of blood. This 
pooling of blood reduces the venous return and cardiac 
output. The resulting fall in blood pressure is almost imme- 
diately compensated for by the baroreceptor reflex. 
A decrease in baroreceptor sensory information, traveling 
in the glossopharyngeal (ninth cranial) and the vagus 
(tenth cranial) nerves to the medulla oblongata, inhibits 
parasympathetic nerve activity and promotes sympathetic 


nerve activity, resulting in increased 
cardiac rate and vasoconstriction. 
These responses help to maintain an 
adequate blood pressure upon stand- 


a) ing (fig. 22.24). 


Common carotid artery 


reflex may require a few 
seconds to be fully effective, 
many people feel dizzy and 
disoriented if they stand up too 
rapidly. If baroreceptor sensitivity is 
abnormally reduced, perhaps by 
atherosclerosis, an uncompensated 
fall in pressure may occur upon 
standing. This condition—called 
postural, or orthostatic, hypotension 
(hypotension = low blood pressure)— 
can cause a person to feel extremely 
dizzy or even faint because of 
inadequate perfusion of the brain. 


\ Because the baroreceptor 


Aortic arch 
A] 


The baroreceptor reflex can 
also mediate the opposite response. 
When the blood pressure rises above 
an individual's normal range, the 
baroreceptor reflex causes a slowing 
of the cardiac rate and vasodilation. 
Manual massage of the carotid sinus, 
a procedure sometimes employed by 
physicians to reduce tachycardia and 
lower blood pressure, also evokes this 
reflex. Such carotid massage should be used cautiously, how- 
ever, because the intense vagus-nerve-induced slowing of 
the cardiac rate could cause loss of consciousness (as occurs 
in emotional fainting). Manual massage of both carotid si- 
nuses simultaneously can even cause cardiac arrest in sus- 
ceptible people. 

— Valsalva's maneuver is the term used to describe an 
expiratory effort against a closed glottis (which 
prevents the air from escaping—see chapter 24). This 
maneuver, commonly performed during forceful 
defecation or when lifting heavy weights, increases the 
intrathoracic pressure. Compression of the thoracic veins 
causes a fall in venous return and cardiac output, thus 
lowering the arterial blood pressure. The lowering of arterial 
pressure stimulates the baroreceptor reflex, resulting in 
tachycardia and increased total penpheral resistance. When 
the glottis is finally opened and the arr is exhaled, the cardiac 
output returns to normal but the total peripheral resistance is 
still elevated, causing a mse in blood pressure. The blood 


Valsalva's maneuver: trom Antonio Valsalva, Malian anatomist, 1666-1723 
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FIGURE 22.24 
The negative feedback control of blood pressure by the 
baroreceptor reflex. This reflex helps to maintain an adequate 


blood pressure upon standing. 


pressure is then brought back to normal by the baroreceptor 
reflex. which causes a slowing of the heart rate These 
fluctuations in cardiac output and blood pressure can be 
dangerous in people with cardiovascular disease Even healthy 
people are advised to exhale normally when lifting weights. 


Other Reflexes Controlling Blood Pressure = The re- 
flex control of ADH secretion by osmoreceptors in the 
hypothalamus and the control of angiotensin IL produc- 
tion and aldosterone secretion by the juxtaglomerular ap- 
paratus of the kidneys have been previously discussed. 
Antidiuretic hormone and aldosterone increase blood vol- 
ume; angiotensin [stimulates vasoconstriction to Cause 
an increase in blood pressure. 

Other reflexes that are important to blood pressure reg- 
ulation are imittated by atrial stretch receptors located in the 
left atrium of the heart. These receptors are activated hy in- 


636) 
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creased venous return to the heart and, in response, stimu- 
late (1) reflex tachycardia, as a result of increased sympathetic 
nerve activity, (2) inhibition of ADH secretion, resulting in 
larger volumes of urine excretion and a lowering of blood vol- 
ume, and (3) increased secretion of atrial natriuretic factor 
(ANF). The ANF, as previously discussed, lowers blood vol- 


ume by increasing urinary salt and water excretion. 


Measurement of Blood Pressure 


The first documented measurement of blood pressure was 
accomplished by Stephen Hales, an English physiologist. 
Hales inserted a cannula into the artery of a horse and 
measured the height to which blood would rise in the ver- 
tical tube. Modern clinical blood pressure measurements 
are fortunately less direct. The indirect, or auscultatory 
(aw-skul ta-tor “e), method of blood pressure measurement 
is based on the correlation of blood pressure and arterial 
sounds. 

In the auscultatory method, an inflatable rubber blad- 
der within a cloth cuff is wrapped around the upper 
arm and a stethoscope is applied over the brachial artery 
(fig. 22.25). The artery is silent before inflation of the cutf 
because blood normally travels in a smooth laminar flow 
through the arteries. The term laminar means “layered”"— 
blood in the central axial stream moves the fastest and 
blood flowing closer to the artery wall moves more slowly. 
There is little transverse movement between these layers 
that would produce mixing. 

The laminar flow that normally occurs in arteries pro- 
duces little vibration, and is thus silent. When the artery ts 
constricted, however, blood flow becomes turbulent, which 
causes the artery to vibrate and produce sounds (much like 
the sounds produced by water through a kink in a garden 
hose). The tendency of the cuff pressure to constrict the 
artery is opposed by the blood pressure. In order to constrict 
the artery, the cuff pressure must be greater than the dia- 
stolic blood pressure. If the cuff pressure ts also greater than 
the systolic blood pressure, the artery will be pinched off 
and silent. Turbulent flow and sounds produced by vibra- 
tions of the artery as a result of this flow occur only when 
the cuff pressure 1s greater than the diastolic blood pressure 
but less than the systolic pressure. 

Let's say that a person has a systolic pressure of 
120 mmHg and a diastolic pressure of 80 mmHg (the 
average adult normal values). When the cuff pressure is 
between 80 and 120 mmHg, the artery will be closed during 
diastole and open during systole. As the artery begins to 
open with every systole, turbulent flow of blood through 


eee eee eee eee eee eee eee eee ree ey 


Stephen Hales’ English physiologist, 1677-1761 
auscultatory L., auscullare, to listen to 


FIGURE 22.25 
The use of a pressure cuff and a sphygmomanometer to measure 
blood pressure. 
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the constriction will create vibrations known as the sounds 
of Korotkoff (ki-rot‘kof), as shown in figure 22.26. These 
are usually “tapping” sounds because the artery becomes 
constricted, blood flow stops, and silence resumes with every 
diastole. It should be understood that the sounds of 
Korotkoff are not “lub-dub” sounds produced by closing of 
the heart valves—those sounds can only be heard on the 
chest, not on the brachial artery. 

Initially, the cuff is usually inflated to produce a pres- 
sure greater than the systolic pressure so that the artery 1s 
pinched off and silent. The pressure in the cuff is read 
from an attached meter called a sphygmomanometer 
(sfig “mo-ma-nom‘Lter). A valve is then turned to allow 
the release of air from the cuff, causing a gradual decrease 
in cuff pressure. When the cuff pressure is equal to the 
systolic pressure, the first Korotkoff sound is heard as blood 
passes in a turbulent flow through the constricted opening 
of the artery. 

Korotkoff sounds will continue to be heard at every sys- 
tole as long as the cuff pressure remains greater than the 
diastolic pressure. When the cuff pressure becomes equal to or 
drops below the diastolic pressure, the sounds disappear be- 
cause laminar blood flow ts reestablished and the vibrations of 


sounds of Korotkoff. from Nicolai S. Korotkoff, Russian physician, 1874-1920 
sphygmomanometer: Gk sphygmos, pulse: manos, thin, metro, measure 
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FIGURE 22.27 
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The indirect, or auscultatory, method of blood-pressure 


measurement. Korotkoff sounds, produced by turbulent blood flow 
through a constnicted artery, occur whenever the cuff pressure 1s 


lower than the systolic blood pressure and greater than the 


the artery stop (fig. 22.27). The last Ko- 
rotkoff sound occurs when the cuff pressure 
is equal to the diastolic pressure. 
Different phases in the measure- 
ment of blood pressure are identified on 
the basis of the quality of the Korotkoff 
sounds (fig. 22.28). In some people, the 
Kororkoff sounds do not disappear even 
when the cuff pressure is reduced 
to zero (zero pressure means that it ts 
equal to atmospheric pressure). In these 
cases—and often routinely—the onset of 
muffling of the sounds (phase 4 in fig. 
22.28) is used as an indication of dia- 
stolic pressure rather than the onset of 
silence (phase 5). Normal blood pressure 
values are indicated in table 22.9. 


Pulse Pressure and Mean 
Arterial Pressure 


When someone takes a pulse, he or she 
palpates an artery (for example, the ra- 
dial artery) an feels the expansion of the 
artery occur in response to the heating of 
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diastolic blood pressure. As a result, the first Korotkoff sound 1s 


heard when the cuff pressure is equal to the systolic blood 


diastolic blood pressures are equal. 
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FIGURE 22.28 


The five phases of blood pressure measurement 


pressure, and the last sound is heard when the cuff pressure and 


' Silence 
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Systolic Diastolic 

Age Male Female Male Female 
1) ae 93 60 62 
eee 95 66 65 
ee 92 64 60 
——=e 100 67 —s«64 
7a 99 65 66 
ae 92 62 62 
a 94 64 64 
97 65 66 
ee 100 67 68 
101 68 «89 
Be ais aiwieaey 103 69 70 
ee 104 70 71 
ere 106 71 72 


See 108 72 73 
et 10 73 


Table o04 Normal arterial blood pressure at different ages 


Systolic 
Age Male Female Male 
VG OOS: ses. cisearere cen aee 118 116 73 
TP YOAS. 50 isrageesrcan ston 121 116 74 
NO VearS ws tisee as aec.o 120 116 
I VeatSwigtenscoaree te 122 115 75 
20-24 years ............ 123 116 76 
25-29 years... 0.20... 125 117 
30-34 years............ 126 120 
35-39 years... 66c sce ses 127 124 
40-44 years..........., 129 127 
A549 years ie 130 131 
50-54) Yeats secesein awe 135 137 
55-59 years............ 138 139 
60-64 years............ 142 144 
65-69 years... e550 .4 143 154 
70-74 years ............ 145 159 
ord hy a 146 158 
80-84 years ............ 145 157 
85-89 years ............ 145 154 


90-94 years. . 
95- 06 year: : 


Source: Documenta Geigy Scientific Tables, edited by K. Diem and C. Lentner, 7th ed. Copyright © 1970]. R. Geigy S. A., Basle, Switzerland. 


the heart; the pulse rate is thus a measure of the cardiac rate. 
The expansion of the artery with each pulse occurs as a result 
of the rise in blood pressure within the artery as the artery 
receives the volume of blood ejected by a stroke of the left 
ventricle. 

The pulse is thus produced by the pulse pressure, 
which is equal to the difference between the systolic and di- 
astolic pressures. If a person has a blood pressure of 120/80 
(systolic/diastolic), therefore, the pulse pressure would be 


40 mmHg. 
Pulse pressure = systolic pressure — diastolic pressure 


At diastole in this example the aortic pressure equals 
80 mmHg. When the left ventricle contracts, the intraven- 


tricular pressure rises above 80 mmHg and ejection begins. 
As a result, the amount of blood in the aorta increases by 
the amount ejected from the left ventricle (the stroke vol- 
ume). Due to the increase in volume, there is an increase 
in blood pressure. The pressure in the brachial artery, where 
blood pressure measurements are commonly taken, there- 
fore increases to 120 mmHg in this example. The rise in 
pressure from diastolic to systolic levels (pulse pressure) is 
thus a reflection of the stroke volume. 

The mean arterial pressure represents the average 
arterial pressure during the cardiac cycle. It is the dif- 
ference hetween this pressure and the venous pressure 
that drives blood through the capillary beds of organs. 
The mean arterial pressure is nota simple arithmetic 
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average because the period of diastole is longer than 
the period of systole. Its value can most correctly be 
approximated by adding one-third of the pulse pressure to 
the diastolic pressure. Ifa person has a blood pressure of 
120/80, for example, the mean arterial pressure will be 
80 + 1/3 (40) = 93 mmHg. 


Mean arterial pressure = diastolic pressure + 
1/3 x pulse pressure 


A rise in total peripheral resistance and cardiac rate 
increases the diastolic pressure more than it increases the 
systolic pressure. When the baroreceptor reflex is activated 
by going from a lying to a standing position, for example, 
the diastolic pressure usually increases by 5 to 10 mmHg, 
whereas the systolic pressure either remains unchanged or 
is slightly reduced (as a result of decreased venous return). 
People with hypertension (high blood pressure) who usu- 
ally have elevated total peripheral resistance and cardiac 
rates likewise have a greater increase in diastolic than 
in systolic pressure. Dehydration or blood loss results in 
decreased cardiac output and thus also produces a decrease in 
pulse pressure. 

An increase in cardiac output, by contrast, raises the 
systolic pressure more than it raises the diastolic pressure 
(although both pressures do rise). This occurs during exer- 
cise, for example, when the blood pressure may rise to values 
as high as 200/100 (yielding a pulse pressure of 100 mmHg). 


al Considerations 


MIC 


Aypertension 


Hypertension is blood pressure in excess of the normal range 
for a person's age and sex. Approximately 20% of all adults 
in the United States have hypertension. Hypertension thar 
results from (is “secondary to") known disease processes ts 
logically termed secondary hypertension. Of the hyperten- 
sive population, secondary hypertension accounts for only 
about 10%. Hypertension that results from complex and 
poorly understood processes ts not so logically termed pri- 
mary, or essential, hypertension. 

Diseases of the kidneys and arteriosclerosis of the renal 
arteries can cause secondary hypertension because of high 
blood volume. More commonly, the reduction of renal blood 
flow can ratse blood pressure by stimulating the secretion of 
vasoactive chemicals trom the kidneys. Experiments in 
which the renal artery is pinched, tor example, produce hy- 
pertension that ts associated (at least initially) with elevated 


renin secretion, 
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Essential Hypertension The vast majority of people with 
hypertension have essential hypertension. An increased total 
peripheral resistance ts a universal characteristic of this con- 
dition. Cardiac rate and the cardiac output are elevated in 
many, but not all, of these cases. 

The secretion of renin, which is correlated with an- 
giotensin I production and aldosterone secretion, ts likewise 
variable. In some people with essential hypertension renin 
secretion is low, but in most cases levels of renin secretion 
are either normal or elevated. Renin secretion in the nor- 
mal range is inappropriate for people with hypertension, since 
high blood pressure should inhibit renin secretion and, 
through a lowering of aldosterone, result in greater excre- 
tion of salt and water. Inappropriately high levels of renin 
secretion could thus contribute to hypertension by promot- 
ing (via stimulation of aldosterone secretion) salt and water 
retention and high blood volume. 

Sustained high stress (acting via sympathetic nerves) 
and high salt intake appear to act synergistically in the de- 
velopment of hypertension. There is some evidence that 
Na‘ enhances the vascular response to sympathetic stimu- 
lation. Further, stimulation through sympathetic nerves can 
cause constriction of renal blood vessels and thus decrease 
the excretion of salt and water. 

Asan adaptive response to prolonged high blood pres- 
sure, the arterial wall becomes thickened. This response can 
lead to arteriosclerosis and result in an even greater increase 
in total peripheral resistance, thus raising blood pressure still 
more in a positive feedback fashion. 

The interactions between salt intake, sympathetic 
nerve activity, cardiovascular responses to sympathetic nerve 
activity, kidney function, and genetics make it difficult to 
sort out the cause-and-effect sequence that leads to essential 
hypertension. Many researchers have suggested that there 
is no single cause-and-effect sequence but rather a web of 
causes and effects. This view is currently controversial. 


Dangers of Hypertension If other factors remain constant, 
blood flow increases as arterial blood pressure increases. The 
organs of people with hypertension are thus adequately per 
fused with blood until the hypertension causes vascular dam- 
age. Hypertension, as a result, is usually asymptomatic 
(without symptoms) uncil a dangerous amount of vascular 
damage is produced. 

Hypertension is dangerous for a number of reasons. First, 
high arterial pressure increases the afterload, making it more 
difficult for the ventricles to eject blood. The heart, then. 
must work harder, which can result in pathological changes 
in heart structure and function and lead to congestive heart 
failure. Additionally, high pressure may damage cerebral 
blood vessels, leading to cerebrovascular accident (stroke). 
Finally, hypertension contributes to the development of 


Table ee. 10 Mechanisms of action of selected patliveertonrice drugs 


Category of drugs Examples 


Mechanisms 
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Extracellular fluid volume depletors Thiazide diuretics 


Sympathoadrenal system inhibitors 


Guanethidine; reserpine 
Propranolol; Atenolol 


Me Phentolamine 


Hydralazine; sodium 
nitroprusside 


Verapamil 


Clonidine; alpha-methyldopa 


Increases volume of urine excreted, and thus lowers blood 
volume 


Acts on brain to decrease sympathoadrenal stimulation 


Depletes norepinephrine from sympathetic nerve endings 


Blocks beta-adrenergic receptors, decreasing cardiac output 


and/or renin secretion 


Blocks alpha-adrenergic receptors, decreasing sympathetic 
vasoconstriction 


Causes vasodilation by acting directly on vascular smooth 
muscle 
ee 
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Source: Principles and Techniques of Critical Care, edited by R. F. Wilson, Vol. 1. Copyright © 1977 Upjohn Company. Used by permission of 
F. A. Davis Company, Philadelphia, PA. 


atherosclerosis, which can itself lead to heart disease and 
stroke as previously described. 


Treatment of Hypertension § The first form of treatment 
that is usually attempted is modification of lifestyle. This 
modification includes cessation of smoking, moderation of 
alcohol intake, and weight reduction, if applicable. It can 
also include the addition of regular physical exercise anda 
reduction in sodium intake. People with essential hyper- 
tension may have a potassium deficiency, and there is evi- 
dence that eating food that is rich in potassium may help to 
lower blood pressure. There is also evidence that supple- 
mentation of the diet with Ca** may be of benefit, but this 


Is more Controversial . _ ee 
If lifestyle modifications alone are insufficient, differ 


ent drugs may be prescribed. Most commonly, these are 


diuretics that increase urine volume, thus decreasing blood 
volume and pressure. Drugs that block B)-adrenergic Tecep- 
tors (such as atenolol) lower blood pressure by decreasing 
the cardiac rate and are also frequently prescribed. ACE in- 
hibitors, calcium antagonists, and various vasodilators (table 
22.10) may also be used in particular situations. Methyl- 
dopa, for example, may be given to treat hypertension of a 
pregnant woman. 


Circulatory shock 


Circulatory shock occurs when the tissues receive an 
inadequate blood supply and/or oxygen utilization by the 
tissues is adequate. Some of the signs of shock (table 22.11) 
are a result of inadequate tissue perfusion; other signs of 
shock are produced by cardiovascular responses that help 
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to compensate for the poor tissue perfusion (table 22.12). 
When these compensations are effective, they (together 
with emergency medical care) are able to reestablish ade- 
quate tissue perfusion. In some cases, however, and for rea- 
sons that are not clearly understood, the shock may progress 
to an irreversible stage and death may result. 


Hypovolemic Shock The term hypovolemic (hi“pd-vo- 
le‘mik) shock refers to circulatory shock due to low blood 
volume, as might be caused by hemorrhage (bleeding), de- 
hydration, or burns. In response to decreased blood pressure 
and decreased cardiac output, the sympathoadrenal system 
is activated by the baroreceptor reflex. As a result, tachycar- 
dia is produced and vasoconstriction occurs in the on gas- 
trointestinal tract, kidneys, and muscles (table 22.12). 
Decreased blood flow through the kidneys stimulates renin se- 
cretion and activation of the renin-angiotensin-aldosterone 
system. A person in hypovolemic shock thus has low blood 
pressure; a rapid, “thready” pulse; cold, clammy skin; and a re- 
duced urine output. 

Since the resistance in the coronary and cerebral cir- 
culations is not increased, blood is diverted to the heart 
and brain at the expense of other organs. Interestingly, a 
similar response has been observed in diving mammals 
and, to a lesser degree, in Japanese pearl divers during pro- 
longed submersion. These responses help to deliver blood 
to the two organs that have the highest requirements for 
aerobic metabolism. 

Vasoconstriction in organs other than the brain and 
heart raises total peripheral resistance, which helps (along 
with the reflex increase in cardiac rate) to compensate for 
the drop in blood pressure due to low blood volume. Con- 
striction of arterioles also decreases capillary blood flow and 
capillary filtration pressure. Less filtrate ts formed as a re- 
sult, while the osmotic return of fluid to the capillaries due 
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to the plasma colloid osmotic pressure either remains un- 
changed or is increased (during dehydration). The blood 
volume is thus raised at the expense of tissue fluid volume. 
Blood volume is also conserved by the decrease in urine pro- 
duction that results from vasoconstriction in the kidneys 
and the water-conserving effects of increased amounts of 
ADH and aldosterone. 


Septic Shock Septic shock refers to a dangerously low 
blood pressure (hypotension) that may result from sepsis, or in- 
fection. This can occur through the action of a bacterial 
lipopolysaccharide called endotoxin. The mortality of septic 
shock is presently very high, estimated at 50% to 75%. Ac- 
cording to recent information, endotoxin activates the en- 
zyme nitric oxide synthetase within macrophages, which are 
cells that play an important role in the immune response 
(chapter 23). As previously discussed, nitric oxide synthetase 
produces nitric oxide, which promotes vasodilation and, as 
a result, a fall in blood pressure. Septic shock has recently 
been successfully treated with drugs that inhibit the pro- 
duction of nitric oxide. 


Other Causes of Circulatory Shock A rapid fall in blood 
pressure occurs in anaphylactic (4nd-ft-lak ‘tik) shock as a 
result of a severe allergic reaction (usually to bee stings or 
penicillin). This results from the widespread release of his- 
tamine, which causes vasodilation and thus decreases total 
peripheral resistance. The reaction may be fatal if emergency 
treatment (usually the administration of epinephrine) is not 
given immediately. A rapid fall in blood pressure also oc- 
curs in neurogenic shock, in which sympathetic tone ts de- 
creased, usually because of upper spinal cord damage or 
spinal anesthesia. Cardiogenic shock results from cardiac 
failure, as defined by a cardiac output that is inadequate to 
maintain tissue perfusion. 
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Congestive Heart Failure 


Cardiac failure occurs when the cardiac output is insuf- 
ficient to maintain the blood flow required by the body. 
This may be due to heart disease—resulting from 
myocardial infarction or congenital defects—or to hy- 
pertension, which increases the afterload of the heart. 
The most common causes of left pump failure are my- 
cardial infarction, aortic valve stenosis, and incompe- 
tence of the aortic and bicuspid (mitral) valves. Failure of 
the right pump is usually caused by prior failure of the 
left pump. 

Heart failure can also result from disturbance in 
the electrolyte concentrations of the blood. Excessive 
plasma K* concentration decreases the resting membrane 
potential of myocardial cells; low blood Ca** reduces 
excitation-contraction coupling. High blood K* and low 
blood Ca** can thus cause the heart to stop in diastole. 
Conversely, low blood K* and high blood Ca** can arrest 
the heart in systole. 

The term congestive is often used in describing heart 
failure because of the increased venous volume and pres- 
sure that results. Failure of the left pump, for example, 
raises the left atrial pressure and produces pulmonary 
congestion and edema. This causes shortness of breath 
and fatigue; if severe, pulmonary edema can be fatal. Fail- 
ure of the right pump results in increased right atrial pres- 


sure, Which produces congestion and edema in the sys- 
temic circulation. 

People with congestive heart failure are often treated 
with the drug digitalis. Digitalis appears to bind to and 
inhibit the action of Na*/K* pumps in the cell membranes, 
causing arise in the intracellular concentrations of Na’. 
The increased availability of Na*, in turn, stimulates the 
activity of another membrane transport carrier, which 
exchanges Na* for extracellular Ca**. As a result, the 
are increased, which 


++ 


intracellular concentrations of Ca 
strengthens the contractions of the heart. 

The compensatory responses that occur during con- 
gestive heart failure are similar to those that occur during 
hypovolemic shock. Activation of the sympathoadrenal sys- 
tem stimulates cardiac rate, contraculity of the ventricles, 
and constriction of arterioles. As in hypovolemic shock, 
renin secretion is increased and urine output is reduced. 

Asa result of these compensations, chronically low 
cardiac output is associated with elevated blood volume and 
dilation and hypertrophy of the ventricles. These changes 
can themselves be dangerous. Elevated blood volume places 
a work overload on the heart, and the enlarged ventricles 
have a higher metabolic requirement for oxygen. These prob- 
lems are often treated with drugs that increase myocardial 
contractility (such as digitalis), drugs that are vasodilators 
(such as nitroglycerin), and diuretic drugs that lower blood 
volume by increasing the volume of urine excreted. 


Chapter oummary 


Cardiac Output (pp. 612-615) 


1. Cardiac rate is increased by 
sympathoadrenal stimulation and 
decreased by the effects of 
parasympathetic fibers that innervate 
the SA node. 

2. Stroke volume is regulated both 
extrinsically and intrinsically 
a. The Frank-Starling law of the heart 

describes the way the end-diastolic 


c. Ata given end-diastolic volume, the 
amount of blood ejected depends on 
contractility; strength of contraction is 
increased by sympathoadrenal 
stimulation. 

3. The venous return of blood to the heart is 
dependent largely on the total blood 
volume and mechanisms that improve the 
flow of blood in veins. 

a. The total blood volume is regulated by 
the kidneys 


Capillaries into the interstitial spaces 
of the tissues. 

Since the colloid osmotic pressure of 
plasma is greater than that of tissue 
fluid, water returns by osmosis to the 
venular ends of capillaries. 

Excess tissue fluid is returned to the 
venous system by lymphatic vessels. 
Edema occurs when there is an 
excessive accumulation of tissue fluid. 
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volume, through various degrees of 
myocardial stretching, influences the 
contraction strength of the 


_ The venous flow of blood to the heart 


is aided by the action of skeletal 
muscle pumps and the effects of 


. The kidneys control the blood volume by 


regulating the amount of filtered fluid that 


will be reabsorbed 
a. Antidiuretic hormone stimulates 


myocardium, and thus the stroke 
volume 

b. The end-diastolic volume is called the 
preload. The total peripheral 
resistance, through its effect on 
arterial blood pressure, provides an 
afterload that acts to reduce the stroke 
volume 


breathing 


Blood Volume (pp. 615-622) 


1. Tissue fluid is formed from and returns to 
the blood 
a. The hydrostatic pressure of the blood 
forces fluid from the arteriolar ends of 


reabsorption of water from the kidney 
filtrate, and thus acts to maintain the 
blood volume. 


. A decrease in blood flow through the 


kidneys activates the renin- 
angiotensin system 
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Interactions of the Circulatory System 


with Other Body Systems ' 
. ntary System Lymphatic System 
© Protects the body from pathogens and helps to ¢ Protects against ons 
; maintain body temperature © Drains tissue fluid and returns it to venous 
© Delivers blood for exchange of gases, nutrients, system 
and wastes © Delivers blood for exchange of gases, nutrients, 


. © Provides for clotting and other protective 
mechanisms if skin is broken 


Skeletal System 

© Provides sites (bone marrow) for hemopoiesis 

© Protects heart and thoracic vessels 

© Delivers blood for exchange of gases, nutrients, 
and wastes 


Muscular System 

© Cardiac and smooth muscles assist blood 

movement 

© Skeletal muscle contractions squeeze veins and 
thus aid venous blood flow 

© Delivers blood for exchange of gases, nutrients, 
and wastes, including lactic acid 


© Provides autonomic regulation of cardiac output, 


vascular resistance, blood flow, and blood 
pressure - 

© Delivers blood for exchange of gases, nutrients, 
and wastes 

© Cerebral capillaries participate in blood-brain 
barrier 


Endocrine System 

° Epinephrine and norepinephrine from adrenal 
medulla help to regulate cardiac function and 
vascular resistance 

© Delivers blood for exchange of gases, nutrients, 
and wastes 

© Transports hormones to target organs 


and wastes 
¢ Provides circulating lymphocytes from bone 
marrow and lymphoid organs 


Respiratory System 

© Provides 0, for transport by blood and provides 
for elimination of Co. from blood 

e Transports blood to lungs for gas exchange and 
transports oxygen-rich blood to body tissues 

¢ Transports CO, from tissues to lungs for 
elimination 


Urinary System 

© Regulates the volume, pH, and electrolyte 
balance of blood and eliminates wastes 

© Delivers biood for exchange of gases, nutrients, 
and wastes 

© Delivers wastes in blood plasma to be excreted in 
the urine 


Digestive System 

¢ Provides nutrients for blood formation, including 
iron and B vitamins 

© Transports nutrients from Gl tract to all tissues in 
the body 


Reproductive System 

¢ Gonads produce sex hormones for maintenance 
of blood and blood vessels 

© Delivers blood for exchange of gases, nutrients, 
and wastes 

° Erection of penis elicited by vasodilation of blood 
vessels 
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c. Angiotensin II stimulates 
vasoconstriction and the secretion of 
aldosterone by the adrenal cortex 

d. Aldosterone acts on the kidneys to 
promote the retention of salt and 
water. 


Vascular Resistance and Blood Flow 
(pp. 622-626) 


1. According to Poiseuille's law, blood flow is 
directly related to the pressure difference 
between the two ends of a vessel and is 
inversely related to the resistance to blood 
flow through the vessel 

2. Extrinsic regulation of vascular resistance 
is provided mainly by the sympathetic 
nervous system, which stimulates 
vasoconstriction of arterioles in the 
viscera and skin 

3. Intrinsic control of vascular resistance 
allows organs to autoregulate their own 
blood flow rates. 

a. Myogenic regulation occurs when 
vessels constrict or dilate in a direct 
response to a rise or fall in blood 
pressure 

b. Metabolic regulation occurs when 
vessels dilate in response to the local 
chemical environment within the 
organ 


Blood Flow to the Heart and Skeletal 
Muscles (pp. 626-630) 
1. The heart normally respires aerobically 


because of its extensive capillary supply, 
myoglobin content, and enzyme content. 
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Review Activities 


Objective Questions 


1. According to the Frank-Starling law, the 
strength of ventricular contraction Is 
a. directly proportional to the end- 
diastolic volume 
b. inversely proportional to the end- 
diastolic volume 
C. independent of the end-diastolic 
volume 
2. Inthe absence of compensations, the 
stroke volume will decrease when 
a blood volume increases 
D. venous return increases 
C contractility increases 
d. arterial blood pressure increases 


2. During exercise, when the heart's 
metabolism increases, intrinsic metabolic 
mechanisms stimulate vasodilation of the 
coronary vessels, and thus increase 
coronary blood flow 

3. Just prior to exercise and at the start of 
exercise, blood flow through skeletal 
muscles increases due to vasodilation 
Caused by stimulation of cholinergic 


sympathetic nerve fibers. During exercise, 


intrinsic metabolic vasodilation occurs 

4. Since cardiac output can increase fivefold 
during exercise, the heart and skeletal 
muscles receive an increased proportion 
of a higher total blood flow 
a. The cardiac rate increases due to 


decreased activity of the vagus nerve 
and increased activity of the 
sympathetic nerves. 

The venous return is greater because 
of greater activity of the skeletal 
muscle pumps and an increased 
respiratory movement 

Increased contractility of the heart, 
combined with a decrease in total 
peripheral resistance, can result ina 
higher stroke volume. 


Blood Flow to the Brain and Skin 
(pp. 630-633) 
1. Cerebral blood flow is regulated both 
myogenically and metabolically. 
a. Cerebral vessels automatically 


constrict if the systemic blood 
pressure rises too high. 
Metabolic products cause local 
vessels to dilate and supply more 
active areas with more blood. 


3. Which of the following statements about 
tissue fluid is fa/se? 


a 


d 


It has the same glucose and salt 
concentration as blood plasma 

It has a lower protein concentration 
than blood plasma 

Its colloid osmotic pressure is greater 
than that of blood plasma 

Its hydrostatic pressure is less than 
that of blood plasma. 


4. Edema may be caused by 


a. 


0) 


high blood pressure. 
decreased blood plasma protein 
concentration 


2. The skin has unique arteriovenous 


anastomoses that can divert blood away 


from surface capillary loops 
a Sympathetic nerve stimulation Causes 


b 


constriction of cutaneous arterioles 


As a thermoregulatory response, there 
is increased cutaneous blood flow and 


increased flow through surtace 


capillary loops when body temperature 


nses 


Blood Pressure (pp. 633-640) 


1. Baroreceptors in the aortic arch and 
carotid sinuses affect the cardiac rate and 
the total peripheral resistance via the 
sympathetic nervous system 


a 


The baroreceptor reflex causes 
pressure to be maintained when an 


upright posture is assumed. this reflex 


can cause a lowered pressure when 
the carotid sinuses are massaged. 
Other mechanisms that affect blood 
volume help to regulate blood 
pressure 


2. Blood pressure is commonly measured 
indirectly by auscultation of the brachial 


artery when a pressure cuff is inflated and 


deflated. 


a. 


3. The mean arterial pressure represents the 


The first sound of Korotkoff, caused 
by turbulent flow of blood through a 


constriction in the artery, occurs when 


the cuff pressure equals the systolic 
pressure. 

The last sound of Korotkoff is heard 
when the cuff pressure equals the 
diastolic blood pressure. 


driving force for blood flow through the 
arterial system. 


d. 
e 


leakage of blood plasma protein into 
tissue fluid 

blockage of lymphatic vessels. 

all of the above 


5. Both ADH and aldosterone 


a 
b 

Cc. 
d. 


increase urine volume. 

increase blood volume. 

increase total peripheral resistance. 
all of the above apply 


6. The greatest resistance to blood flow 
occurs in 


a 


b. 
Cc 
d 


large arteries. 
medium-sized arteries 
arterioles 

Capillaries 
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If a vessel were to dilate to twice its 

previous radius and if pressure remained 

constant, blood flow through this vessel 

would 

a. increase by a factor of 16 

b. increase by a factor of 4 

c. increase by a factor of 2 

d. decrease by a factor of 2. 

The sounds of Korotkof{ are produced by 

a. closing of the semilunar valves. 

b. closing of the AV valves 

C. the turbulent flow of blood through an 
artery 

d. elastic recoil of the aorta 

Vasodilation in the heart and skeletal 

muscles during exercise is primarily due 

to the effects of 

a. alpha-adrenergic stimulation. 

D. beta-adrenergic stimulation 

c. cholinergic stimulation. 

d. products released by the exercising 
muscle cells. 

Blood flow in the coronary circulation is 

a. increased during systole. 

b. increased during diastole. 


C. constant throughout the cardiac cycle. 


Blood flow in the cerebral circulation 

a. varies with systemic arterial pressure. 

b. 1s regulated primarily by sympathetic 
stimulation 

c. iS maintained constant within 
physiological limits. 

d. is increased during exercise. 


12 


13 


15. 


Which of the following organs is able to 

tolerate the greatest restriction in blood 

flow? 

a. the brain 

b. the heart 

c. skeletal muscles 

d. the skin 

Arteriovenous shunts in the skin 

a. divert blood to superficial capillary 
loops 

b. are closed when the ambient 
temperature is very cold. 

c. are closed when the deep-body 
temperature rises much above 37° C. 

d. all of the above apply 

An increase in blood volume will cause 

a. a decrease in ADH secretion. 

b. an increase in Na* excretion in the 
urine. 

C. a decrease in renin secretion. 

d. all of the above. 

The volume of blood pumped by the left 

ventricle per minute Is 

a. greater than the volume pumped by 
the right ventricle. 

b. less than the volume pumped by the 
right ventricle. 

c. the same as the volume pumped by 
the right ventricle 

d. either less than or greater than the 


volume pumped by the right ventricle, 


depending on the strength of 
contraction. 


16. Blood pressure Is lowest in 


a. arteries 
arterioles. 
c. capillaries. 
venules 
veins. 


oa 


Essay Questions 


1. 


Define contractility, preload, and 
afterload, and explain how these factors 
affect the cardiac output. 

With reference to the Frank—Starling law, 
explain how the stroke volume Is affected 
(a) by bradycardia and (b) by a “missed 
beat” 

Which part of the circulatory system 
contains the most blood? Which part 
provides the greatest resistance to blood 
flow? Which part provides the greatest 
cross-sectional area? Explain. 

Explain how the kidneys regulate blood 
volume. 

A person who is dehydrated drinks more 
and urinates less. Explain the 
mechanisms involved. 

Using Poiseuille’s law, explain how 
arterial blood flow can be diverted from 
one organ system to another. 

Describe the mechanisms that increase 
the cardiac Output during exercise and 
that increase the rate of blood flow to the 
heart and skeletal muscles. 

Explain how an anxious person may 
develop cold, clammy skin and how the 
skin becomes hot and flushed on a hot, 
humid day. 
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Lymph Ducts 

Lymph Nodes 

Lymphoid Organs 
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Specific Immunity 
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: Passive Immunity 
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Functions of T Lymphocytes G66 


Thymus 
Killer, Helper, and Suppressor T Lymphocytes 
Interactions between Macrophages and 


T Lymphocytes 
Tolerance 


Tumor Immunology 674 


Immune Therapy of Cancer 
Natural Killer Cells 
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Clinical Considerations 676 


Autoimmunity 
Immune Complex Diseases 
Allergy 


Chapter Summary 679 


: NEXUS 680 
: Review Activities 681 


; DDJOCTIVES -------+--esrecreeneeeeeeneenennenees 
"© Describe the pattern of lymph flow from the lymphatic 


Capillaries to the venous system. 


Describe the structure of the lymph nodes and 
lymphoid organs and state where they are located. 


Describe the mechanisms of nonspecific immunity. 


Discuss the nature of antigens and define hapten and 
antigenic determinant site. 


Discuss the origin and function of B and T 
lymphocytes and distinguish between humoral and 
cell-mediated immunity. 


Describe the structure and origin of antibodies and 
explain how antibodies promote the destruction of 
invading pathogens. 


Discuss the complement system and its functions. 


Describe the events that occur in a local 
inflammation. 


Describe the nature of the primary and secondary 
immune responses. 


Explain the clonal selection theory and how it relates 
to the process of active immunization. 


Explain how passive immunizations are performed 
and discuss the nature of monoclonal antibodies. 


Discuss the role of histocompatibility antigens in the 
function of T lymphocytes. 


Explain how interaction between T lymphocytes and 
macrophages leads to stimulation of both cell- 
mediated and humoral immunity. 


Discuss the nature of immunological tolerance and 
explain how it might be produced. 


Identify the cells and mechanisms involved in the 
immunological surveillance against cancer. 


Explain how stress and aging might result in 
increased susceptibility to cancer. 
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Lymphatic oystem 


The Iymphatte system, consisting of Lymphatic vessels and lymph 
nodes, returns nterstinal flaad to the bloodstream and helps to protect 
the body from diseases. 


The lymphatic system has three basic functions: (1) it trans- 
ports interstitial (tissue) fluid, initially formed as a blood 
filtrate, back to the bloodstream; (2) it serves as the route by 
which absorbed far trom the small intestine is transported 
to the blood; and (3) its cells—called lymphocytes (pro- 
duced in bone marrow, lymphatic organs, and other lym- 
phatic tissues)—help to provide immunological defenses 
against disease-causing agents. 


Lymph and Lymph Capillaries 


The smallest vessels of the lymphatic system are the lymph 
22, fig. 22.8). Lymph capillaries are 


capillaries (see chapter 22, 
microscopic closed-ended tubes that form vast networks in 
the intercellular spaces within most tissues. Within the villi 


of the small intestine, for example, lymph capillaries called 


lacteal: L. /acteus, milk 
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FIGURE 23.1 
Lymphatic vessels (a) A magnihed view of the upper nght 
qu idrant shown lymph drainage ol the right breas! 
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(b) Major 


lymph dy 


lacteals (lak ‘te-alz) transport the products of fat absorption 
away from the Gi tract. Because the walls of lymph capil- 
laries are composed of endothelial cells with porous junc- 
tions, interstitial fluid, proteins, microorganisms, and 
absorbed fat (in the small intestine) can easily enter. Once 


the interstitial fluid enters the lymphatic capillaries, 1t ts re- 


ferred to as lymph. 


Lymph Ducts 


rging lymph capillaries, the lymph ts carried into 


From me 
tic vessels, or lymph ducts. The walls of lymph 


larger lymphi 
ducrs are similar to those of veins in that they have the same 
three layers and contain valves to prevent the backtlow of 
lymph. The pressure that pushes lymph through the lymph 
ducts comes from the massaging actions produced by skele- 
tal muscle contractions, gravity, intestinal movements, and 
other body movements. The many valves keep lymph mov- 
ing in one direction. 

Interconnecting lymph ducts eventually empty into one 
of the two principal vessels: the thoracic duct and the right 
lymphatic duct (fig. 23.1). These ultimately drain the lymph 
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lymph: L. (ympha, clear water 


Left internal 
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Right lymphatic 
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Lumbar lymph 
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Krabacn 
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into the leftand right subclavian Veins, respectively, so that 
79 « 


itis returned to the circulatory system (fig. 23.2) 


Lymphatic 
The larger thoracte duct drains lymph from the copranes 
lower extremities, abdomen, left thoracic region, 
left upper extremity, and lett side of the lead 
and neck. The main trunk of this vessel as- 


Lymph no 
cends along the spinal column and drains a 


Pulmonary circulation 
into the left subclavian vein. In the ab- 

dominal area ts a saclike enlargement of 

the thoracic duct called the cisterna 

chyli (sts-ter ‘na ki‘le). The shorter right Lymphatic 
lymphatic duct drains lymph trom the = 
right upper extremity, right thoracic 
region, and right side of the head and ==-------Y “Jeg --W------ oon 
neck. The right lymphatic duct emp- 
ties into the right subclavian vein near 


the right internal jugular vein. 


Lymph Nodes Lymoh node 


Lymph filters through the reticular tissue of 

lymph nodes (fig. 23.3). The reticular tissue 
contains phagocytic cells that help purify the 
fluid. A lymph node ts a small oval body enclosed 


Systemic circulation 


within a fibrous connective tissue capsule. 


FIGURE 23.2 


The lymphatic system returns 


Specialized connective tissue bands called 
trabeculae divide the node. Atferent 


Lymphatic 
capillaries 


PPITTTITTTTTTT TTT) excess tissue fluid to the 


cisterna chyli: L. cisterna, box, Gk. chylos, juice irculatory system 


Afferent Lymph vessels 
fymphatic 
vessels 
L———_— Cortical 
: } nodule 
Trabecula 
Germinal 
center 
Hilum 
\— Valve Lymph node 
Efferent lymphatic 
vessels Niuiele 
Flow of tympn | 
(a) (b) : 
FIGURE 23.3 
The structure of a lymph node. (a) A schematic diagram of a sectioned lymph node and ; 


associated vessels and (b) a photograph of a !ymph node positioned near a blood vessel. 
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"Primary locations of lymph nodes. 
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lymphatic vessels carry lymph into the node, where it is cir- 
culated through sinuses in the cortical tissue. Lymph leaves 
the node through the efferent lymphatic vessel, which 
emerges from the hilwm—the depression on the concave side. 
Germinal centers within the node are sites of lymphocyte 
production and are important in the development of an im- 
mune response, as we will discuss later in this chapter. 
Lymph nodes usually occur in clusters in specific re- 
gions of the body (fig. 23.4). Some of the principal groups 
of lymph nodes are the popliteal and inguinal nodes of the 
lower extremity, the lumbar nodes of the pelvic region, 
the cubital and axillary nodes of the upper extremity, the 
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Axillary nodes 


thoracic nodes of the chest, and the 
cervical nodes of the neck. The wall of 
the small intestine contains numerous 
scattered lymphocytes and lymphatic 
nodules and larger aggregations of lym. 
phatic tissue called aggregated lym- 
phatic follicles, or Peyer’s patches. 

\ (metastases) are especially 

dangerous if they enter the 
~ lymphatic system, which can 

disperse them widely. On entering the 
lymph nodes, the cancer cells can 


multiply and establish secondary tumors 
! in organs far removed from the site of the 


Migrating cancer cells 


primary tumor. 


vs Lymphoid Organs 
Lamina. = 
propria ; The spleen and the thymus are lymphoid 
4 organs. The spleen is located on the left 
side of the abdominal cavity, posterior 
and lateral to the stomach from which 
: it is suspended (fig. 23.5). The spleen is 
nora vital organ in an adult, but it does 
ies assist other body organs in producing 
lymphocytes, filtering the blood, and de- 
stroying old erythrocytes. In an infant, 


it is an important site for the production 


Aggregated — a 
lymphatic - - 
follicles _ 


“HA of erythrocytes. In an adult, the spleen 
“ 3} contains red pulp, which serves to de- 
+e) stroy old red blood cells, and white pulp, 
eee 4 which contains germinal centers for the 
4 production of lymphocytes. 
ee 4 The thymus is located in the ante- 
~~ =. rior thorax, deep to the manubrium of 
ye; a the sternum. Because it regresses in size 
Metab 4 during puberty, it is much larger ina 


fetus and child than in an adult. The 
. thymus plays a key role in the immune 
system, as will be described in a later section. 

Table 23.1 summarizes the lymphoid organs of the body: 


= The tonsils, of which there are three pairs, are 
lymphatic organs of the pharyngeal region. The 
function of the tonsils is to combat infection of the 
ear, nose, and throat regions. Because of the 
persistent infections that some children suffer, however, the 
tonsils may become so overrun with infections that they 


Peyer's patches trom Johann K Peyer, Swiss anatomist, 1653-1712 
spleen: L. splen, low spirits (thought to cause melancholy) 
thymus Gk. thymos. thyme (compared to the flower of this plant by Galen) 


actually become a source of infections that spread to other 


we a> body tance sacle 
parts of the body. A tonsillec fomy may then have to be 


~erormed. Thic one Ss 
performed. This operation is not as common ds it used to be 


because of the availability of powerful antibiotics and 
because the functional value of the ton 


sils is now 


appreciated toa greater extent 


Splenic artery 
and vein 


Capsule 


Sinuses 


Artery 


FIGURE 23.5 


The structure of the spleen. 


em os — - ~~ err es 


| Table 29.1 | Lymphoid organs 
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Defense Mechanisms 


Nonspecific ommune protection is provided by such mechanisms as 


Phagocytosis, fever, and the release of mterferons. Specific mmunity 
involves the functions of lymphocytes and ts directed at specific 


molec ules, or parts of molecules, knou nas anugens 


The immune system includes all of the structures and 
processes that provide a defense against potential pathogens. 
These defenses can be grouped into nonspecific and specific 
mechanisms. 

Nonspecific, or innate, defense mechanisms are in- 
herited as part of the structure of each organism. Epithelial 
membranes that cover the body surfaces, for example, re- 
strict infection by most pathogens. The strong acidity of 
gastric juice (pH 1-2) also helps to kill many microorgan- 
isms before they can invade the body. These external de- 
fenses are backed by internal defenses, such as phagocytosis, 
which function in both a specific and nonspecific manner 
(table 23.2). 

Each individual can acquire the ability to defend 
against specific pathogens (disease-causing agents) by a prior 
exposure to those pathogens. This specific, or acquired, im- 
mune response is a function of lymphocytes. Internal spe- 
cific and nonspecific defense mechanisms function together 
to combat infection, with lymphocytes interacting in a co- 
ordinated effort with phagocytic cells. 


Nonspecific Immunity 


Invading pathogens, such as bacteria, that have crossed ep- 
ithelial barriers enter connective tissues. These invaders— 
or chemicals, called toxins, released from them—may 
enter blood or lymphatic capillaries and be carried to other 
areas of the body. To counter the 
invasion and spread of infection, 
nonspecific immunological defenses 
are first employed. If these defenses 
are not sufficient to destroy the 
pathogens, lymphocytes may be re- 
cruited, and their specific actions 
used to reinforce the nonspecific im- 
mune defenses. 


Phagocytosis § The three major groups 
of phagocytic cells are (1) neutrophils; 
(2) the cells of the mononuclear phagu- 
cyte system, including monocytes in the 
blood and macrophages (derived from 
monocytes) in the connective tissues; 


pathogen’ Gk. pathema, suttering, gen. to produce 
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Table td. Structures and defense mechanisms 
of nonspecific immunity 


Structure Mechanisms 


pathogens; secretions contain lyso 
(enzyme that destroys bacteria) 


High acidity of stomach; protectior 


normal bacterial population of colon 


by cilia; alveolar macrophage 
Acidity of urine 
Vaginal lactic acid 


Phagocytic cells Ingest and destroy bacteria, cellular 
debris, denatured proteins, 
and toxins 


Interferons Inhibit replication of viruses 
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blood flows through the liver and 
spleen, foreign chemicals and debris are 
removed by phagocytosis and chemically 
inactivated within the phagocytic cells. 
Invading pathogens are very effectively 
removed in this manner, so that after a 
few passes through the liver and spleen, 
blood is usually sterile. Fixed phagocytes 
in lymph nodes similarly help to remove 
foreign particles from the lymph. 

Connective tissues Contain a resi 
dent population of all leukocyte types. 
Neutrophils and monocytes tn particu- 
lar can be highly mobile within con- 
nective tissues as they scavenge for 
invaders and cellular debris. These 
leukocytes are recruited to the site 
of an infection by a process known 
as chemotaxis (ke “’mo-tak ‘sis)— 
movement toward chemical attrac- 
tants. Neutrophils are the first to 
arrive at the site of an infection; 
monocytes arrive later and can be 
transformed into macrophages as the 
battle progresses. 

If the infection is sufficiently 
large, new phagocytic cells from the 
blood may join those already in the 
connective tissue. These new neu- 
trophils and monocytes are able to 
squeeze through the tiny gaps be- 
tween adjacent endothelial cells in 
the capillary wall and enter the con- 
nective tissues. This process, called 
diapedesis (di”a-pd-de’sis), is illus- 
trated in figure 23.6. 

Phagocytic cells engulf particles 
ina manner similar to the way an 
amoeba eats. The particle becomes 
surrounded by cytoplasmic exten: 
sions called pseudopods, which ult 
mately fuse together. The particle 
thus becomes surrounded by a mem- 
brane derived from the cell mem- 


and (3) organ-specific phagocytes in the liver, spleen, lymph brane (fig. 23.7) and is contained within an organelle 
nodes, lungs, and brain (table 23.3). analogous to a food vacuole in an amoeb: mr . ener 
The Kupffer (koop fer) cells in the liver, together with then fuses with lysosomes (or cael) : h, . a di- 
phagocytc cells in the spleen and lymph nodes, are fixed gestive enzymes), so charghe “ re ed hs Kae | he 
phagocytes. This term refers to the fact that these cells are digestive enzymes remain separ; te Parire eae : 
immobile (“fixed”) in the channels within these organs. As by a continuous ene, ‘Often eet cell 
se ’ fever, lysos 


Kupffer cell from Karl Wilhelm von Kupfter, Bavarian anatomist, 1829-1902 


Giapedesis. Gk. dia, through: pedesis, a leaping 
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FIGURE 23.6 


Diapedesis. White blood cells squeeze through openings between 
capillary endothelial cells to enter underlying connective tissues. 


enzymes are released before the food vacuole has com- 
pletely formed. When this occurs, free lysosomal en- 
zymes may be released into the infected area and 
contribute to inflammation. 


Fever Fever may be a component of the nonspecific de- 
fense system. Body temperature 1s regulated by the hypo- 
thalamus, which contains a thermoregulatory control center 
(a “thermostat”) that coordinates skeletal muscle shivering 
and the activity of the sympathoadrenal system to maintain 
hody temperature at about 37° C. This thermostat 1s reset 
upward in response to a chemical called endogenous pyro- 
gen, secreted by leukocytes. Endogenous pyrogen secretion 
is stimulated by a chemical called endotoxin, which is re- 
leased by certain bacteria. 

Although high fevers are definitely dangerous, many 
believe that a mild to moderate fever may be a beneficial 
response that aids recovery from bacterial infections. 
There is some evidence to support this view, but the 


FIGURE 23.7 

Phagocytosis by a neutrophil or macrophage. A phagocytic cel! 
extends its peeudopods around the object to be engulfed, such as 
a bacterium. (Blue dots represent lyscsomal enzymes yi the 
Dsaudopods fuse to form a complete food vacuole, lysosomal 


enzymes are resincted to the organelle formed by the lysosome 
and food vacucle. (2) Ii the lysosome fuses with the vacuole before 
fusion of the pseudopods is complete. lysosomal enzymes are 
released tnto the infected area of tissue. 
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mechanisms involved are not FIGURE 23.8 
clearly understood. One the- 
ory is that elevated body tem- 
perature may interfere with 
the uptake of iron by some 


bacteria. 


Interferons = It was discovered 

in 1957 that cells infected with a virus produced polypep- 
tides that interfered with the ability of a second, unrelated 
strain of virus to infect other cells in the same culture. These 
interferons (in “‘ter-fer ‘onz), as they were called, thus pro- 
duced a nonspecific, short-acting resistance to viral infec- 
tion. This discovery generated a great deal of excitement, 
but further research in this area was hindered by the fact 
that human interferons could be obtained only in very small 
quantities; moreover, animal interferons were shown to have 
little effect in humans. In 1980, however, a technique called 
genetic recombination made it possible to introduce human 
interferon genes into bacteria, enabling the bacteria to act as 
interferon factories. 

There are three major categories of interferons: alpha, 
beta, and gamma interferons. Almost all cells in the body 
make alpha and beta interferon. These polypeptides act as 
messengers that protect other cells in the vicinity from viral 
infection. The viruses are still able to penetrate these other 
cells, but the ability of the viruses to replicate and assem- 
ble new virus particles is inhibited. Viral infection, replica- 
tion, and dispersal are shown in figure 23.8, using the virus 
that causes AIDS (discussed later) as an example. Gamma 
interferon is only produced by particular lymphocytes and 
a related type of cell called natural killer cells. The secretion 
of gamma interferon by these cells is part of the immuno- 
logical defense against infection and cancer, as will be de- 
scribed later. Some of the proposed effects of interferons are 
summarized in table 23.4. 
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The hfe cycle of the human immunodeficiency 
virus (HIV). This virus, like others of its family, 
contains RNA instead of DNA. Once inside the 
host cell, the viral RNA 1s transcribed by reverse 
transcriptase into complementary DNA (cDNA). 
The genes in the cDNA then direct the 
synthesis of new virus particles. 


Host cell 


as 


Cytoplasm 
te, Re, 2 »4) 


Reverse transcriptase 


Viral RNA 


Nucleus 


Reverse 
transcription 


cDNA 
Integration 
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The Food and Drug Adminis- 
tration (FDA) has currently ap- 
proved the use of interferons to 
treat a number of diseases. Among 


Latex 
Particles 


these are the use of alpha interfer- 


Antibodies attached to latex Particles 


A large, complex foreign mol- 
ecule can have a number of differ- 
ent antigenic determinant sites, 
which are areas of the molecule that 
stimulate production of and com- 


yn tO treat ¢ > hepati — t 
c ae ie hepatitis A Satisadiad bine with different antibodies. Most 
ot ria ukemia, virally naturally occurring antigens have 
induced genital warts, ci i' 

g rts, and Karposi’s «ialigenlt many antigenic determinant sites 


sarcoma. The FDA has also ap- 
proved the use of beta interferon to 
treat relapsing-remitting multiple 
sclerosis and the use of gamma 
interferon to treat chronic granu- 
lomatous disease. Interferon treat- 
ment of numerous forms of cancer 
is currently in various stages of 
clinical trials. 


Agglutination (clumping) of latex particles 


FIGURE 23.9 


specific immunity 


In 1890, a German bacteriologist, 
Emil Adolf von Behring, demon- 
strated that a guinea pig that had 
been previously injected with a 
sublethal dose of diphtheria toxin 
could survive subsequent injec- 
tions of otherwise lethal doses of that toxin. Further, von 
Behring showed that this immunity could be transferred 
to a second, nonexposed animal by injections of serum 
from the immunized guinea pig. He concluded that the 
immunized animal had chemicals in its serum—which he 
called antibodies—that were responsible for the immu- 
nity. He also showed that these antibodies conferred im- 
munity only to subsequent diphtheria infections; the 
antibodies were specific in their actions. It was later learned 
that antibodies are proteins produced by a particular type 


of lymphocyte. 


Antigens Antigens are molecules that stimulate the pro- 
duction of antibodies and combine with these specific an- 
tibodies. Antigens are large molecules (such as proteins) 
with a molecular weight greater than abour 10,000, and 
they are foreign to the blood and other body fluids (al- 
though there are exceptions to both descriptions). The 
ability of a molecule to function as an antigen depends 
not only on its size but also on the complexity of its struc- 
ture. Proteins are more antigenic than the simpler struc- 
tured polysaccharides. Plastics used in artificial implants 
are composed of large molecules, but they are not very 
antigenic because of their simple, repeating structures. 


Emil Adolph von Behring. German bacteriologist. 1854-1917 


Immunoassay using the agglutination technique. 
Antibodies against a particular antigen are 
adsorbed to latex particles. When these are mixed 
with a solution that contains the appropriate 
antigen, the formation of the antigen-antibody 
complexes produces clumping (agglutination) that 
can be seen with the unaided eye. 


and stimulate the production of dif- 
ferent antibodies with specificities 


for these sites. 


Haptens Many small organic 
molecules are not antigenic by 
themselves but can become anti- 
gens if they bind to proteins (and 
thus become antigenic determi- 
nant sites on the proteins). This 
discovery was made by Karl Land- 
steiner, Who is also credited with 
the discovery of the ABO blood 
groups (chapter 20). By binding 
these small) molecules—which 
Landsteiner called haptens—to 
proteins in the laboratory, new 
antigens can be created for re- 
search or diagnostic purposes. The binding of foreign hap- 
tens to a person's own proteins can also occur in the body; 
by this means, derivatives of penicillin, for example, that 
would otherwise be harmless can produce fatal allergic re- 
actions in susceptible people. 


Immunoassays When the antigen or antibody is attached 
to the surface of a cell or to particles of latex rubber (in com- 
mercial diagnostic tests), the antigen-antibody reaction be- 
comes visible because the particles agglutmate (clump) as a 
result of antigen-antibody bonding (fig. 23.9). These agelu- 
tinated particles can be used to assay a variety of antigens, 
and tests that utilize this procedure are called immunoas- 
says (im “yit-no-as Gz). Blood typing (chapter 20) and mod- 
erm pregnancy tests are examples of such immunoassays. A 
newly developed latex agglutination test for detecting AIDS 
using fingertip blood may also soon be available. 


Lymphocytes 

Leukocytes, erythrocytes, and blood platelets are all ul- 
timately derived from (“stem from") unspecialized cells 
in the bone marrow. These stem cells produce the spe- 
cialized blood cells, and they replace themselves by cell 
division so that the stem cell population is not exhausted. 


Karl Landsteiner: Austrian-born American pathologist and immunologist, 1868-1943 
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Table 2d.5 


nase 


Bone marrow 

Humoral (secretes antibodies) 
Memory cells and plasma cells 
Yes—IgM or IgD 

Present—are surface antibodies 
Short 

High in spleen, low in blood 
10%-15% 


Presence of surface antibodies 
ptors for antigens 


of blood lymphocytes 
ormed by antigens to Plasma cells 
( ry product Antibodies 
y to viral infect Enteroviruses, poli 


reptoco 
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Lymphocytes produced in this manner seed the thymus, 
spleen, and lymph nodes, producing self-replicating lym- 
phocyte colonies in these organs. 

The lymphocytes that become seeded in the thymus 
become T lymphocytes. These cells have surface charac- 
teristics and an immunological function that differ from 
those of other lymphocytes. The thymus, in turn, seeds other 
organs. About 65% to 85% of the lymphocytes in blood and 
most of the lymphocytes in lymph nodes are T lymphocytes. 
These lymphocytes, therefore, came from or had an ancestor 
that came from the thymus gland. 

Most of the lymphocytes that are not T lymphocytes 
are called B lymphocytes. The letter B has tts origin in im- 
munological research performed in chickens. Chickens have 
an organ called the bursa of Fabricius that processes B lym- 
phocytes. Since mammals do not have a bursa, the B is often 
translated ay the “bursa equivalent” for humans and other 
mammals. [tas currently believed that the B lymphocytes 
in mammals are processed in the bone marrow, which con- 
veniently also begins with the letter B. 

Both B and T lymphocytes function in specific immu- 
nity. The B lymphocytes combat bacterial and some viral in- 
fections by secreunyg antibodies into the blood and lymph. 


Because blood and lymph are body fluids (humors), the B 
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bursa of Fabricius from Hieronymus Fabricius. Italian anatomist, 1$33-1619 


Cell-mediated 
Cytotoxic (killer) T lymphocytes, helper cells, suppressor cells 


Not detectable 
Present—are related to immunoglobulins 


Long 
High in blood and lymph 
75%—-80% 
Small lymphocytes 
Lymphokines 

_ Most others 


herculosi: 


lymphocytes are said to provide humoral immunity, although 
the term antibody-mediated immunity is also used. T lym- 
phocytes attack host cells that have become infected with 
Viruses or fungi, transplanted human cells, or cancerous cells. 
The T lymphocytes do not secrete antibodies; they must 
come in close proximity or have actual physical contact with 
the victim cell in order to destroy it. T lymphocytes are there- 
fore said to provide cell-mediated immunity (table 23.5). 


Functions of B Lymphocytes 


J 


B lymphocytes secrete anubodtes that can bond in a specific fashion 
with anugens. Binding of these secreted antthodtes to antigens 
stimulates a cascade of reactions u hereby a system of proteins im 
the plasma called complement ts activated. Some of these activated 
complement protems kill the cells containing the antigen; others 
promote phagocytosts and other activity, resulting in a more 
effective defense against pathogens 


Exposure of a B lymphocyte to the appropriate antigen re- 
sults in cell growth followed by many cell divisions. Some 
of the progeny become memory cells, which are indistin- 
guishable from the orginal cell; others are transformed into 
plasma cells (fig. 23.10). Plasma cells are protein factories 
that produce about 2000 antibody proteins per second in 
their briet life span of 5 to 7 days. 
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FIGURE 23.10 

B lymphocytes have antibodies on their surfaces that function 
as receptors for specific antigens. The interaction of antigens 
and antibodies on the surface stimulates cell division and the 
maturation of the B cell progeny into memory cells and 


The antibodies that are produced by plasma cells when 
B lymphocytes are exposed to a particular antigen react 
specifically with that antigen. Such antigens may be tso- 


lared molecules, or they may be molecules at the surtace of 


an invading foreign cell. The specific binding of antibodies 
to antigens serves to identify the enemy and to activate de- 


fense mechanisms that lead to the invader's destruction. 


Antibodies 


Antibody proteins are also known 
(im “ytt-no-glob ‘yie-linz), abbreviated Ig. They are mostly 


as immunoglobulins 
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Plasma cell 


Memory cell 


plasma cells. Plasma cells produce and secrete large 
amounts of the antibody. (Note the extensive rough 
endoplasmic reticulum in these cells.) 


found in the gamma globulin class of plasma proteins, as 
identified by a technique called electrophoresis (&-lek “tro- 
fo-re‘sis). With this technique, classes of plasma proteins 
are separated by their movement in an electric field (fig. 
23.11). The tive distinct bands of proteins that appear are 
albumin, alpha-} globulin, alpha-2 globulin, beta globu- 
lin, and gamma globulin. 

The gamma globulin hand is wide and diffuse because 
it represents a heterogeneous class of molecules. Since an- 
tibodies are specihe in their actions, it follows that differ- 
ent types of antibodies should have ditterent structures. An 
antibody against smallpox, for example, does not confer 


Lymphatic System and Immunity 


Chapter Twenty-Three 


FIGURE 23.11 


The separation of serum protein by electrophoresis into albumin 
(A). alpha-1| globulin (a), alpha-2 globulin (a2), beta globulin (B), 
and gamma globulin (y). 


immunity to poliomyelitis and, therefore, must have a 
slightly different structure than an antibody against polio, 
Despite these differences, antibodies are structurally related 
and form only a few subclasses. 

There are five subclasses of immunoglobulins: IgG, IgA, 
IgM, IgD, and IgE. Most of the antibodies in serum are in the 
luG subclass, whereas most of the antibodies in external se- 
cretions (saliva and milk) are IgA (table 23.6). Antibodies in 
the IgE subclass are involved in allergic reactions. 
Antibody Structure All antibody molecules consist of four 
interconnected polypeptide chains. Two long, heavy chains 
(the H chains) are joined to two short, light chains (L chains). 
Research has shown that these four chains are arranged in 
the form of a Y. The stalk of the Y has been called the “crys- 
tallizable fragment” (abbreviated F,), whereas the top of the 
Y is known as the “antigen-binding fragment” (F.4). This 
structure is shown in figure 23.12. 

The amino acid sequences of some antibodies have 
heen determined through the analysts of antibodies sam- 
pled from people with multiple myclomas. These lympho- 
cyte tumors arise from the division of a single B lymphocyte, 
which forms a population of genetically identical cells 
(a clone) that secretes Wentical antibodies. Clones and the 
antibodies they secrete differ, however, from one patient 
to another. Analyses have shown that the F, regions of dif- 
ferent antibodies are the same (are constant), whereas the 
Fy. regions are variable. Variability of the antigen-binding 
regions is required for the specificity of antibodies for anti- 
gens. Thus, itas the F,. region of an antibody that provides 
a specific site for bonding with a particular antigen 
(fig. 23.13). 
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Table 03.6 The immunoglobulins 


Immunoglobulin Functions 7 


Main form of antibodies in circulation, 4 
production increased after immunization 


IgA Main antibody type in external secretions, 4 
such as Saliva and mother's milk 


Responsible for allergic symptoms in 
immediate hypersensitivity reactions 


Function as antigen receptors on 
lymphocyte surface prior to 


IgG 


B lymphocytes have antibodies on their cell membrane 
that serve as receptors for antigens. The combination of 
antigens with these antibody receptors stimulates the B cell 
to divide and produce more of these antibodies, which are se- 
creted. Exposure toa given antigen thus results in increased 
amounts of the specific type of antibody that can attack that 
antigen. This provides active immunity, which we will dis- 


cuss shortly. 


Diversity of Antibodies = It is estimated that there are about 
100 million trillion (102°) antibody molecules in each in- 
dividual, representing a few million different specificities 
for different antigens. Considering that antibodies to pat- 
ticular antigens can cross-react with closely related antigens 
to some extent, this tremendous antibody diversity usually 
ensures that there will be some antibodies that can combine 
with almost any antigen a person might encounter, These 
observations evoke a question that has long fascinated set- 
entists: How can a few million different antibodies be pro- 
duced? A person cannot possibly inherit a correspondingly 
large number of genes devoted to antibe dy production. 
Two mechanisms have heen proposed to explain ant- 
body diversity. First, since different combinations of heavy 
and light chains can produce different antibody specificl 
tes, a person does not have to inherit a million different 
genes to code fora million different antibodies. Ifa few hun- 
dred genes code for different H chains and a few hundred 
code for different L chains, various combinations of these 
polypeptide chains could produce millions of different anti- 
bodies. Second, the diversity of antibodies could increase 


(a) 
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FIGURE 23.12 


Antibodies are composed of four polypeptide chains—two are regions are abbreviated V and the constant regions are 


heavy (H) and twa are light (L). (a) A computer-generated abbreviated C.) Antigens combine with the variable regions. 
model of antibody structure. (b) A simplified diagram Each antibody molecule is divided into an F. (antigen- 
showing the constant and variable regions. (The variable binding) fragment and an F, (crystallizable) fragment. 
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(b) 


FIGURE 23.13 

Structure of the F.; portion of an antibody molecule and the 
antigen with which it combines as determined by X-ray 
diffraction. The heavy and light chains of the antibody are 
shown in blue and yellow, respectively, and the antigen is 
shown in green. (Note the complementary shape at the 
region where the two are joined together in (b).) 


during development if, when some lymphocytes divided, the 
progeny received antibody genes that had been slightly al- 
tered by mutations. Such mutations are called somatic mu- 
tuttons because they occur in body cells rather than in sperm 
or ova. Anubody diversity would thus increase as the lym- 


phocyte population inc reased. 


The Complement system 


The combination of antibodies with antigens does not it- 
self cause destruction of the antigens or the pathogente or- 
ganisms thar contain these antigens. Antibodies, rather, 
serve to idenufty the targets for immunological attack and 
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FIGURE 23.14 


e fixation of 


which attach (are fixed) to the C4, on the membrane surtace 


invader. Bacteria that are buttered with antibodies, for ex- 
ample, are better targets for phagocytosis by neutrophils and 
macrophages. The ability of antibodies to stimulate phago- 
cytosis is termed opsonization. Immune destruction of bac- 
teria is also promoted by antibody-induced activation of a 
system of serum proteins known as complement. 

In the early part of the twentieth century, it was 
learned that rabbit antibodies to sheep red blood cell anti- 
gens could not lyse (destroy) these cells unless certain pro- 
tein Components of serum were present. These proteins, 
called complement, constitute a nonspecific defense system 
that is activated by the bonding of antibodies to antigens 
and by this means ts directed against specific invaders that 
have been identified by antibodies. 

The complement proteins are designated C1 (which 
has three protein components) through C9. These proteins 
are normally present in plasma and other body fluids in an 
inactive form and are activated by the attachment of anti- 
bodies to antigens. In terms of their functions, the comple: 
ment proterms can be subdivided into three components: 
(1) recognition (C1); (2) activation (C4, C2, and C3, in 
that order); and (3) attack (C5-C9). The attack phase con 
sists of complement fixation, in which complement proteins 
attach to the cell membrane and destroy the victim cell. 

Antibodies of the luG and leM subclasses attach to 
antigens on the invading cell's membrane, bind to Cl, and 
hy this means actin ate its enzyme activity. Activated Cl cat’ 
alyzes the hydrolysis of C4 into two fragments (fig. 23.14), 
designated C4, and C4). The C24), fragment binds to the cell 


Downloaded from Durr-e-Danish Library 


membrane (is “fixed") and 
becomes an active enzyme 
that splits C2 into two frag- 
ments, C2, and C2). The 
C2, becomes attached to 
C4, and cleaves C3 into C3, 
and C3, Fragment C3), he- 
comes attached to the grow- 
ing complex of complement 
proteins on the cell mem- 
brane. The C3, converts C5 
to C5, and C5,. The C5, 
and, eventually, C6 through 
C9 become fixed to the cell 
membrane. 


FIGURE 23.15 
Complement proteins CS through C9 (illustrated as a doughnut- 
shaped ring) puncture the membrane of the cell to which they 
are attached (fixed) This aids destruction of the cell. 


Complement proteins 
C5 through C9 create large 
pores in the membrane 
(fig. 23.15). These pores 
permit the osmotic influx of water, so that the victim cell 
swells and bursts. Note that the complement proteins, 
not the antibodies directly, kill the cell; antibodies serve 
only as activators of this process. Other molecules can 
also activate the complement system in an alternate non- 
specific pathway that bypasses the early phases of the spe- 
cific pathway described here. 

C3, and other complement fragments that are lib- 
erated into the surrounding fluid rather than becoming 
fixed trigger a number of events. These events include 
(1) chemotaxts—the liberated complement fragments at- 
tract phagocytic cells to the site of complement activa- 
tion; (2) opsontzation—phagocytic cells have receptors 
for C3, so that this fragment may form bridges be- 


Table Od] Summary of events in a local inflammation 


tween the phagocyte and 
the victim cell, thus facili- 
tating phagocytosis; and 
(3) sumulation of the release 
of histamme from mast cells 
(a connective tissue cell 
type) and basophils by 
fragments C3, and C5,. As 
a result of histamine re- 
lease, blood flow to the in- 
fected area increases due to 
vasodilation and increased 
capillary permeability. The 
latter effect can result in 
the leakage of plasma pro- 
teins into the surrounding 
fluid, producing 
local edema. 


tissue 


Local Inflammation 


Aspects of the nonspecific and specific immune responses 
and their interactions are well illustrated by the events that 
oceur when bacteria enter a break in the skin and produce a 
local inflammation (table 23.7). The inflammatory reaction 
is initiated by the nonspecific mechanisms of phagocytosis 
and complement activation. Activated complement en- 
hances this nonspecific response by attracting new phago- 
cytes to the area and by stimulating their activity. 

After some time, B lymphocytes are stimulated to pro- 
duce antibodies against specific antigens that are part of 
the invading bacteria. Attachment of these antibodies to 
antigens in the bacteria greatly amplifies the previously 


Ce or--aaetceemmenememmmenmaecmmmnatenneeeneensemmmnmnestiemeteastactenesteanstameasassitiiiea teense toeeenememmmmmeinaiaaiaaeniaaame: eae 


Bacteria enter through break in anatomic barrier of skin. 
Resident phagocytic cells—neutrophils and macrophages—engulf bacteria. 
Nonspecific activation of complement protein occurs. 


B lymphocytes are stimulated to produce specific antibodies. 
Phagocytosis is enhanced by antibodies attached to bacterial surface antigens. 
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Dilation, increased 
permeability of capillary 


™ 


Release of *. 


nonspecific response. This occurs because of greater activa- 
tion of complement, which directly destroys the bacteria, 
and which—together with the antibodies themselves— 
promotes the phagocytic activity of neutrophils, macro- 
phages, and monocytes (fig. 23.16). 

As inflammation progresses, the release of lysosomal 
enzymes from macrophages causes the destruction of leuko- 
cytes and other tissue cells. These effects, together with those 


Pe infection continues, the release of endogenous pyrogen 
rom leukocytes and macrophages may produce a fever. 


ij 
produced by histamine and other chemicals released from ba a person 1s first exposed to a pathogen, the immune response may 
saniaeelic, oraduck Phecharacteristic-aympramselte local in- oe : combat the disease. However, lymphocytes that have 
: specificity for the } ; 
flammation: redness and warmth (due to vasodilation), swelling Peeifteity for the antigens encountered are stimulated to divule ailied 


umes and produce a clone. This 1s active 


(edema), and pus (the accumulation of dead leukocytes). If individual from getting a d 
isease upon su 
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immunity and can protect an 
bsequent exposures. 


Virulent pathogen ——————»> Disease 


Antigens Virulence 


Not altered Attenuated 


Inoculation 


Virulent Sak ; 
pathogen” Active immunity ——— No disease 


FIGURE 23.17 


Active immunity to a pathogen can be gained by exposure 
to the fully virulent form or by inoculation with a pathogen 
whose virulence (ability to cause disease) has been 
attenuated (reduced) without alteration to the antigens. 


It first became known in Western Europe in the mid- 
eighteenth century that the fatal effects of smallpox could 
be prevented by inducing mild cases of the disease. This was 
accomplished at that time by rubbing needles into the pus- 
tules of people who had mild forms of smallpox and inject- 
ing those needles into healthy people. Understandably, this 
method of immunization did not gain wide acceptance. 

Acting on the observation that milkmaids who con- 
tracted cowpox—a disease similar to smallpox but less vindent 
(pathogenic)—were immune to smallpox, an English physi- 
cian, Edward Jenner, inoculated a healthy boy with cowpox. 
When the boy recovered, Jenner inoculated him with what 
was considered a deadly amount of smallpox, from which he 
also proved to be immune. (This was fortunate for both the 
boy—who was an orphan—and Jenner; Jenner's fame spread, 
and as the boy grew into manhood he proudly gave testimo- 
nials on Jenner's behalf.) This experiment, performed in 
1796, led to the first widespread immunization program. 

A similar, but more sophisticated, demonstration of 
the effectiveness of immunizations was performed by Louis 
Pasteur almosta century later. Pasteur isolated the bacteria 
that cause anthrax and heated them until their ability to 
cause disease was greatly reduced (their virulence was at- 
tenuated), although the nature of their antigens was not sig- 
nificantly altered (fig. 23.17). He then injected these 
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Edward Jenner’ English physician, 1749-1823 
Louis Pasteur French chemist and bacteriologist, 1822-95 
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Plasma antibody concentration 


Primary response 
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(0) FIGURE 23.18 

A comparison of antibody production in the primary response 
(upon first exposure to an antigen) to antibody production in the 
secondary response (upon subsequent exposure to the antigen) 
The greater secondary response is believed to be due to the 
presence of lymphocyte clones, produced during the primary 
response. 


attenuated bacteria into 25 cows, leaving 25 unimmunized. 
Several weeks later, before a gathering of scientists, he in- 
jected all 50 cows with the completely active anthrax bac- 
teria. All 25 of the unimmunized cows died—all 25 of the 
immunized animals survived. 


Active Immunity and the Clonal Selection Theory 


Upon first exposure to a particular pathogen, there is a latent 
period of 5 to 10 days before measurable amounts of specific 
antibodies appear in the person's blood. This sluggish pri- 
mary response may not be sufficient to protect the individ- 
ual against the disease caused by the pathogen. Antibody 
concentrations in the blood during this primary response 
reach a plateau in a few days and decline after a few weeks. 

A subsequent exposure of the same individual to the 
same antigen results in a secondary response (fig. 23.18). 
Compared to the primary response, antibody production 
during the secondary response is much more rapid. Max- 
imum antibody concentrations in the blood are reached 
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in less than 2 hours and are maintained for a longer time 
than in the primary response. This rapid rise in antibody 
production is usually sufficient to prevent the disease. 


Clonal Selection Theory The immunization procedures of 
Jenner and Pasteur were effective because the immune sys- 
tems of the people who were inoculated produced a sec- 
ondary rather than a primary response when exposed to the 
virulent pathogens. The type of protection they were af- 
forded does not depend on accumulations of antibodies in 
the blood—secondary responses occur even after antibod- 
ies produced by the primary response have disappeared. Im- 
munizations, therefore, seem to produce a type of “learning” 
in which the ability of the immune system to combat a par- 
ticular pathogen is improved by prior exposure. 

The mechanisms by which secondary responses are pro- 
duced are not completely understood; the clonal selection 
theory, however, appears to account for most of the evi- 
dence. According to this theory, B lymphocytes inherit the 
ability to produce particular antibodies (and T lymphocytes 
inherit the ability to respond to particular antigens). A sin- 
gle B lymphocyte can produce only one type of antibody, 
with specificity for one antigen. Since this ability is geneti- 
cally inherited rather than acquired, some lymphocytes can 
respond to smallpox, for example, and produce antibodies 
against it even if the person has never been previously ex- 
posed to this disease. 

The inherited specificity of each lymphocyte is re- 
flected in the antigen receptor proteins on the surface of 
the lymphocyte’s cell membrane. Exposure to smallpox 
antigens thus stimulates these specific lymphocytes to di- 
vide many times until a large population of genetically 
identical cells—a clone—is produced. Some of these cells 
become plasma cells that secrete antibodies for the primary 
response; others become memory cells that can be stimu- 
lared to secrete antibodies during the secondary response 
(fig. 23.19). 

Notice that according to the clonal selection theory 
(table 23.8), antigens do not induce lymphocytes to make 
the appropriate antibodies. Rather, antigens select lympho- 
cytes (through interaction with surface receptors) that are al- 
ready able to make antibodies against that antigen. This is 
analogous to evolution by natural selection. An environ- 
mental agent (in this case, antigens) acts on the genetic di- 
versity already present in a population of organisms 
(lymphocytes) to cause an increase in number of the indi- 
viduals selected. 


Active Immunity The development of a secondary re- 
sponse provides active immunity against the specific 
pathogens. The development of active immunity requires 
prior exposure to the specific antigens, at which time the 
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The clonal selection theory as applied to B lymphocytes. Most 
members of the B lymphocyte clone become memory cells, but 
some become antibody-secreting plasma cells 


primary response may cause the person to develop symptoms 


of the disease. Some Parents, for example, deliberately expose 


their children to others who have measles, chicken pox, and 
mumps so that their children will be immune to these dis- 
eases later in life, when they 

Clinical immuniz 
sponses by inocul 


are potentially more serious. 

ation programs induce primary re 
ating people with pathogens whose viru: 
lence has been attenuated or destroyed (such as Pasteur’s 
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Table 00.0 Summary of the clonal selection theory (as applied to B lymphocytes) 


Process Resale 


Lymphocytes inherit the ability to produce specific antibodies. Prior to antigen exposure, lymphocytes that can make the appropriate 


antibodies are already present in the body. 


Antigen-antibody interaction stimulates cell division and the i 
development of lymphocyte clones that contain memory cells and as 
| plasma cells that secrete antibodies. i 


Antigens interact with antibody receptors on the lymphocyte surface. 


} 
_ Subsequent exposure to the specific antigens produces a more 


efficient response. “ iain iiai _ 


heat-inactivated anthrax bacteria) or by using closely re- 
lated strains of microorganisms that are antigenically similar 
but less pathogenic (such as Jenner's cowpox inoculations). 
The name tor these procedures—vaccination (after the Latin 
word vacca, meaning “cow")—reflects the history of this 
technique. All of these procedures cause the development of 
lymphocyte clones that can combat the virulent pathogens 
by producing secondary responses. 

The first successful polio vaccine (the Salk vaccine) 
was composed of viruses that had been inactivated by treat- 
ment with formaldehyde. These “killed” viruses were in- 
jected into the body, in contrast to the oral (Sabin) vaccine 
in current use. The oral vaccine contains “living” viruses 
that have atrenuated virulence. These viruses invade the 
epithelial lining of the intestine and multiply but do not 
invade nerve tissue. The immune system can, therefore, be- 
come sensitized to polio antigens and produce a secondary 
response if polio viruses that attack the nervous system are 


larer encountered. 


r There is always a danger when vaccines are 
prepared using attenuated viruses or toxins that 
some virulence may remain and cause disease in 
vaccinated people. A case 1n pointis the commonly 

used vaccine for pertussis (whooping cough)—a disease 
caused by a toxin released from a species of bacteria. 
Pertussis is responsible for about | million infant deaths 
annually. Although the pertussis vaccine prepared from the 
bacterial cells or their toxin 1s relatively effective, it 
occasionally produces severe side effects. Using genetic 
scientists have recently produced a 


engineering techniques 
subunit of pertussis toxin that appears to confer 
immunity without the virulent action of the toxin. In the 
future, production of specific proteins from cloned DNA may 


protein s 


provide other vaccines that are safer and more effective 


than those prepared by traditional methods 


Salk vaccine trom Jonas Salk, American immunologist, b 1914 
Sabin vaccine: from Albert B. Sabin, American virologist, b 1906 
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Exposure of lymphocyte clones to specific ant 
_and more rapid Production of specitic, tibodies. 


Fassive Immunity 


The term passive immunity refers to the immune protec- 
tion that can be produced by the transfer of antibodies to a 
recipient from another person or from an animal. The donor 
person or animal has been actively immunized, as explained 
by the clonal selection theory. The recipient of the ready- 
made antibodies is thus passively immunized to the same 
antigens. Passive immunity occurs naturally in the transfer 
of antibodies from mother to fetus during pregnancy. It can 
also be artificially conferred by injecting antibodies into the 
individual requiring immunity. 

The ability to mount a specific immune response— 
called immunological competence—does not develop until 
about a month after birth. The fetus, therefore, cannot im- 
munologically reject its mother. The immune system of the 


mother ts fully competent but does not usually respond to 
feral antigens for reasons that are not completely under- 
stood. Some IgG antibodies from the mother do cross the 
placenta and enter the fetal circulation, however, and these 
serve to confer passive immunity to the fetus. 

The fetus and the newborn baby are, therefore, im- 
mune to the same antigens as the mother. However, since 
the baby did not itself produce the lymphocyte clones needed 
to form these antibodies, such passive immunity disappears 
when the infant is about | month old. If the baby is breast- 
fed, it can receive additional antibodies of the lgA subclass 
in its mother’s first milk (the colostrum). 

Passive immunizations are used clinically to protect 
people who have been exposed to extremely virulent in- 
fections or toxins, such as snake venom or tetanus. In these 
cases, the affected person is injected with antiserton (serum 
containing antibodies), also called anatoxm, from an animal 
that hay been previously exposed to the pathogen. The an- 
imal develops the lymphocyte clones and active immunity 
and thus has a high concentration of antibodies in its blood. 
Since the person who is injected with these antibodies does 
not develop active immunity, he or she is protected only 
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‘Table 29.9 comparison of acti 


‘Characteristic ; 


Active immunity 


_ Injection of person with Antigens 


_ Source of antibodies The person inoculated 
Method Injection with killed or attenuated 


u pathogens or their toxins 


for a short time and must again be injected with antitoxin 
upon subsequent exposures. Active and passive immunity 
are compared in table 23.9. 


Monoclonal Antibodies 


In addition to their use in passive immunity, antibodies 
are also commercially prepared for use in research and 
clinical laboratory tests. In the past, antibodies were ob- 
tained by chemically purifying a specific antigen and 
then injecting this antigen into animals. Since an anti- 
gen typically has many different antigenic determinant 
sites, however, the antibodies obtained by in this way 
were polyclonal; they had different specificities. This de- 
creased their sensitivity to a particular antigenic site and 
resulted in some degree of cross-reaction with closely re- 
lated antigen molecules. 

Monoclonal antibodies, by contrast, exhibit speci- 
ficity for one antigenic determinant only. In the prepara- 
tion of monoclonal antibodies, an animal (frequently, a 
mouse) is injected with an antigen and subsequently killed. 
B lymphocytes are then obtained from the animal's spleen 
and placed in thousands of different in vitro incubation 
vessels. These cells soon die, however, unless they are hy- 
bridized with cancerous multiple myeloma cells. Cell fu- 
sion is promoted by a chemical—polyethylene glycol. The 
fusion of a B lymphocyte with a cancerous cell produces a 
hybrid that undergoes cell division and produces a clone 
called a hybridoma. Each hybridoma secretes large amounts 
of identical monoclonal antibodies. From among the rhou- 
sands of hybridomas produced in this way, the one that pro- 
duces the desired antibody its cultured for large-scale 
production (fig. 23.20). 

The availability of large quantities of pure monoclonal 
antibodies has led to the development of much more sensi- 
tive clinical laboratory tests (for pregnancy, for example) 
than had been used previously. These pure antibodies have 
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omparison of active and passive immunity 


Pamive lumanlly Seal eae ee 


Antibodies el 
Natural—the mother; artificial—injection with antibodies 


Natural-—transfer of antibodies across the placenta, artificial— 
injection with antibodies 


— Immet fatter injection 


also been used to pick one molecule (the specific antigen 
interferon, for example) out of a solution of many molecules 
and thus isolate and concentrate It. 

In the future, monoclonal antibodies against specific 
tumor antigens may aid the diagnosis of cancer. Even more 
exciting, antitumor drugs that can kill normal as well as can- 
cerous cells could be aimed directly ata tumor by combining 
these drugs with monoclonal antibodies against specific 
tumor antigens. This technique has recently been used in 
rodent experiments bur, as of this writing, has not yet been 
approved for human tests. 


T cells assise all aspects of the immune system, meluding cell-mediated 
destruction by killer T cells and supporting roles by helper and 
suppressor T cells. T cells are activated only by antigens presented to 
them by macrophages; the activated T cells in turn produce 
lymphokines, which activate other cells of the mmune system. 


The thymus processes lymphocytes in such a way that theit 
functions become quite distinct from those of B cells. Lym- 
phocytes residing in the thymus or originating from the thy- 
mus, or those derived from cells that came from the thymus, 
are all T lymphocytes. These cells can be distinguished from 
B cells by specialized techniques. Unlike B cells, the T lym- 
phocytes provide specific immune protection without se- 
creting antibodies. This 1s accomplished in various ways by 
three subpopulations of T lymphocytes that will be described 
shortly. 


Thymus 


The thymus extends from below the thyroid in the neck 
into the thoracic cavity. This organ grows during childhood 
but gradually regresses after puberty. Lymphocytes from the 
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The production of monoclonal antibodies that are directed 


against a specific antigen 


fetal liver and spleen and from the bone marrow postnatally 
seed the thymus and become transformed into T cells. These 
lymphocytes then enter the blood and seed lymph nodes 
and other organs, where they divide to produce new T cells 
when stimulated by antigens. 

Small T lymphocytes that have not yet been stimu- 
lated by antigens have very long life spans—months, or per- 
haps years. Still, new T cells must be continuously produced 
to provide efficient cell-mediated immunity. Since the thy- 
mus atrophies after puberty, this organ may not be able to 
provide new T cells in later life. Colonies of T cells in the 
lymph nodes and other organs, however, are apparently able 
to produce new T cells under the stimulation of various thy- 
mus hormones. 

Two hormones that are believed to be secreted by the 
thymus—thymopoietin | and thymopoietin 1[—may promote 
the transformation of lymphocytes into T cells. Another 
thymus hormone, called thymosin, may promote the matu- 
ration of T lymphocytes. 


Hiller. Helper. and suppressor I Lymphocytes 


The killer, or cytotoxic, T lymphocytes destroy specific 
victim cells that are identified by specific antigens on their 
surfaces. In order to effect this cell-mediated destruction, the 
T lymphocytes must be in actual contact with their victim 
cells (in contrast to B cells, which kill at a distance). Al- 
though the mechanisms by which the killer lymphocytes 
kill their victims are not completely understood, there is ev- 
idence that they accomplish this task by secreting certain 
molecules at the region of contact. Among these molecules, 
specific polypeptides called perforins have been identified 
that polymerize in the cell membrane of the victim cell and 
form cylindrical channels through the membrane. These 
channels are analogous to those formed by complement pro- 
teins previously discussed and can result in osmotic 
destruction of the victim cell. 

The killer T lymphocytes defend avainst viral and 
fungal infections and are also responsible for transplant re- 
jection reactions and for immunological surveillance 
against cancer. Although most bacterial infections are 
fought by B lymphocytes, some are the targets of cell- 
mediated attack by killer T lymphocytes. This is the case 
with the tubercle bacilli that cause tuberculosis. Injections of 
some of these bacteria under the skin produce inflamma- 
tion after a latent period of 48 to 72 hours. This delayed 
hypersensitivity reaction is cell mediated rather than hu- 
moral, as shown by the fact that it can be induced in an 
unexposed guinea pig by an infusion of lymphocytes, but 
not of serum, from an exposed animal. 
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A given antigen can stimulate the produchon of both Band T lymphocyte clones. 


relative effects of helper and suppressor T lymphocytes. 


Se 
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The helper T lymphocytes and suppressor T lym- 
phocytes indirectly participate in the specific immune re- 
sponse by regulating the responses ot the B cells (fig. 
23.21) and the killer T cells. The activity of B cells and 
killer T cells as increased by helper T lymphocytes and de- 
creased by suppressor T lymphocytes. The amount of an- 
tibodies secreted in response to antigens is thus affected 


The ability to produce B lymphocyte clones, however, is also influenced by the 


by the relative numbers of helper to suppressor T cells that 
develop in response to a given antigen. 

As a result of advances in recombinant DNA tech- 
nology (genetic engineering) that enable the production 
of monoclonal antibodies, it is now possible for clinical 
laboratories to distinguish between the different subcate- 
gortes of lymphocytes by means of antigen “markers” on 
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Table t0.10 The major lymphokines 


m iT ’ 7 Biological functions 


Activates resting T lymphocytes 


Serves as growth factor for activated T lymphocytes; activates cytotoxic 
Tlymphocytes ae we F 
Promotes growth of bone marrow stem cells; serves as growth factor 


for mast cells 


® 


Promotes growth of activated B lymphocytes; promotes growth of resting 


Macrophages and oth 
Helper T lymphocytes 


bag ! 


Helper T lymphocytes 


Helper T lymphocytes 


T lymphocytes; enhances activity of cytotoxic T lymphocytes 


- 


Induces the conversion of activated B lymphocytes into antibody- 


secreting plasma cells 


T lymphocytes and others 


Different colony-stimulating factors stimulate the proliferation of 
granulocytic leukocytes and macrophages 


Source: Adapted from information appearing in C. A. Dinarello and J. W. Mier, The New England Journal of Medicine, Vol. 317, p. 940, 1987. 


their surfaces. Counting the lymphocytes in each of these 
subcategories provides far more information about diseases 
and their causes than was previously available. Tests of this 
sort have provided valuable information about the effects 


of the AIDS virus. 


= Acquired immune deficiency syndrome (AIDS) has 
caused the deaths of hundreds of thousands of people 
worldwide. Millions more are infected, and since 
AIDS has been shown to have a latency period of 
approximately 8 years, most will display symptoms of the 
disease in the near future. People at high risk include 
homosexual and bisexual men (through anal intercourse) and 
intravenous drug users (through sharing of needles with 
infected individuals). Intravenous drug users account for one- 
third of AIDS cases in the United States and Europe; half of 
the estimated 200,000 intravenous drug users in New York 
City are believed to be infected People at lesser risk include 
those who received blood transfusions prior to 1985 (before 
blood was tested for AIDS) and the spouses of those at high 
risk. In Haiti and the countries of central Afnca, heterosexual 
contact is believed to be the primary route of infection 
AIDS is caused by the human immunodelticiency virus 
(HIV) (see fig. 23.8), which specifically destroys the helper T 
lymphocytes This results in decreased immunological 
function and areater susceptibility to opportunistic infections, 
including Pneumocystis carini pneumonia Many people 
with AIDS also develop a previously rare form of cancer 


known as Kaposi's sarcoma 


Lymphokines The T lymphocytes, as well as some other 
cells such as macrophages, secrete a number of polypeptides 
that serve in an autocrine fashion (chapter 19) co regulate 


Downloaded from Durr-e-Danish Library 


many aspects of the immune system. These products are gen- 
erally called cytokines; the term lymphokines is often used 
to refer to the cytokines of lymphocytes. When a cytokine 
is first discovered, it is named according to its biological ac- 
tivity (e.g., B cell-stimulating factor). Since each cytokine has 
many different actions (table 23.10), however, such names 
can be confusing. Scientists have thus agreed to use the 
name interleukin, followed by a number, to designate a cy- 
tokine once its amino acid sequence has been determined. 

Interleukin-1, for example, is secreted by macrophages 
and other cells and can activate the T cell system. B cell- 
stimulating factor, now called interleukin-4, is secreted by 
T lymphocytes and is required for the proliferation and clone 
development of B cells. Interleukin-2 is released by helper 
T lymphocytes and is required for activation of killer T 
lymphocytes, among other functions. Macrophage colony stim- 
ulating factor is secreted by helper T lymphocytes and pro- 
motes the activity of macrophages. 

Current research has demonstrated that there are two 
subtypes of helper T lymphocytes, designated Ty! and T},2. 
Helper T lymphocytes of the Ty] subtype produce inter- 
leukin-2 and gamma interferon. Because they secrete these 
cytokines, Ty! lymphocytes activate killer T lymphocytes 
and promote cell-mediated immunity. The Ty.2 lymphocytes 
secrete interleukin-4, interleukin-5 and interleukin- 10, which 
suimulates B lymphocytes to promote humoral immunity. Sei- 
entists have recently discovered that “uncommitted” helper 
T lymphocytes are changed into the Ty] subtype in response 
to a cytokine called interleukin-12, which ts secreted by 
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macrophages under appropriate conditions. This process 
could thus provide a switch from determining how much of 
the immune response to an antigen will be cell-mediated and 
how much will be humoral. 


T Cell Receptor Proteins Unlike B cells, T cells do not 
make antibodies; thus, they do not have antibodies on their 
surfaces to serve as receptors for antigens. The T cells do, 
however, have specific receptors for antigens on their mem- 
brane surtaces, and these T cell receptors have recently been 
identified as molecules closely related to immunoglobulins. 
The T cell receptors differ from the antubody receptors on B 
cells in another, and very important, respect: the T cell re- 
ceptors cannot bond to free antigens. In order for a T lympho- 
cyte to respond to a foreign antigen, the antigen must be 
presented to the T lymphocyte on the membrane of an 
antigen-presenting cell. The chief antigen-presenting cells 
are macrophages. Macrophages present the foreign antigen 
together with other surface antigens, called histocompaubil- 
ity antigens, to the T lymphocytes. Some knowledge of the 
histocompatibility antigens is thus required before 
T cell-macrophage interactions and T cell functions can be 


understood. 


Histocompatibility Antigens Tissue that is transplanted 
from a donor to a recipient contains antigens that are foreign 
to the recipient. This is because all tissue cells, with the ex- 
ception of mature red blood cells, are genetically marked 
with a characteristic combination of histocompatibility anti- 
gens on the membrane surface. The greater the variance in 
these antigens between the donor and the recipient in a 
transplant, the greater will be the chance of transplant re- 
jection. Prior to organ transplantation, therefore, the “tissue 
type” of the recipient ts matched to that of potential donors. 
Since the person's white blood cells are used for this pur- 
pose, histocompaubility antgens in humans are also called 
human leukocyte antigens, abbreviated HLAs. 

HLAs are proteins that are coded for by a group of 
genes called the major histocompatibility complex (MHC), 
located on chromosome number 6. These four genes are la- 
beled A, B, C, and D. Each of them can code for only one 
protein ina given individual, but this protein can he differ- 
ent in different people. Two people, for example, may both 
have anrgen A}, but one might have antigen B17 and the 
other antigen B21. The closer two people are related, the 
more similar their histocompaubility antigens will be. 


Clinical interest has been generated by the observation 
that certain diseases are much more common tn people 
who have particular histocompatibility antigens. 

Ankylosing spondylitis (a type of rheumatoid arthntis), 


for example, 1s much more common in people who have antigen 
B27, and psoriasis (a skin disorder) is three times more common 
in people with antigen B17 than in the general population. Other 
diseases that have a high correlation with particular 
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Cd8 


coreceptor coreceptor 


Target cell 


Macrophage 


FIGURE 23.22 
A foreign polypeptide antigen is presented to T lymphocytes in 


association with MHC proteins. The CD4 and CD8 coreceptors 
permit the T lymphocyte receptors to interact with only a specific 


class of MHC protein. 


histocompatibility antigens include Hodgkin's disease (a cancer 
of the lymph nodes), myasthenia gravis, Graves’ disease, and 
type | diabetes mellitus. 


/nteractions between Macrophages 
and | lymphocytes 


The major histocompatibility complex of genes produces two 
classes of MHC proteins: class | and class 2. The class-1 pro- 
teins are made by all cells in the body except red blood cells. 
Class-2 MHC proteins are produced only by macrophages 
and B lymphocytes and promote the interactions between 
T cells and these other cells of the immune system. 

Killer T lymphocytes can interact only with antigens 
presented with class-l MHC proteins, whereas helper T lym- 
phocytes can interact only with antigens presented with 
class-2 MHC proteins. These MHC restrictions result from 
the presence of proteins called coreceptors that are associ- 
ated with the T cell receptors. As illustrated in figure 23.22, 
the coreceptor known as CD8 is associated with the killer T 
lymphocyte receptor and interacts with only the class-! 
MHC proteins; the coreceptor known as CD4 is associated 
with the helper T lymphocyte receptor and interacts with 
only the class-2 MHC proteins. 

When a foreign particle, such as a virus, infects the 
body, it is taken into macrophages by phagocytosis and pat- 
tially digested. Within the macrophage, the partially di- 
gested virus particles provide foreign antigens that are moved 
to the surface of the cell membrane. At the membrane, these 
foreign antigens form a complex with the class-2 MHC pro- 
teins. This bonding of the MHC proteins and foreign ant’ 
gens is required for interaction with the receptors on the 
surface of helper T cells. The macrophages thus “present” 
the antigens to the helper T cells, and in this way stimulate 


Downloaded from Durr-e-Danish Library 


Lymphocyte 


Viral antigen 
CD8 coreceptor 
Class-1 MHC protein 


Tissue cell 
infected with 
viruses 


ee ~ 
é \ 
‘Bo ® 
f ) 
(a) ic . 
f & i” \ 1 Destruction of 
[ \ | \ infected cell 
\ / 
CD4 coreceptor \ —* ; 
Class-2 MHC & : ree) y 
protein te 


FIGURE 23.24 


In order for a killer T cell to destroy a tissue cell infected with 

viruses, the T cell must interact with both the foreign antigen and 
Helper T the class-1 MHC protein on the surface of the infected cell. 
lymphocytes 


Foreign 
antigen 


activation of the T cells (fig. 23.23). It should be remembered 
that T cells are “blind” to free antigens; they can respond only 
to antigens presented to them by macrophages (and some 
other cells) in combination with class-2 MHC proteins. 
The first phase of macrophage-T cell interaction then 
occurs: the macrophage ts stimulated to secrete the lym- 
phokine known as interleukin-1. As previously discussed, 
interleukin-1 stimulates cell division and proliferation of T 
lymphocytes. The activated helper T cells, in turn, secrete 
macrophage colony-stimulating factor and gamma inter- 
feron, which promote the activity of macrophages. In addi- 
tion, interleukin-2 is secreted by the T lymphocytes and 
stimulates the macrophages to secrete tumor necrosis factor, 
which is particularly effective in killing cancer cells. 
tt) B lymphocyte Killer T cells can destroy infected cells only if those cells 
display the foreign antigens together with their class-1] MHC 
FIGURE 23.23 proteins (fig. 23.24). Such interaction of killer T cells with 


(a) An electron micrograph showing contact between a 
macrophage (left) and a lymphocyte (right) As illustrated in 


Foreign 


Macrophage 
particle Pee 


Activated 
helper T cell 


the foreign antigen-MHC class-1 complex also stumulates pro- 


da T cell liferation of those killer T cells. This proliferation ts supported 

(b) such contact between a macrophage anda cell is che ilethintl canta iboal slicks cell ; 

that the helper T cell interact with both the foreign py the interteukin-2 secreted by the helper T cells that were ac- 
requires that the heipe cell inter vith 1 

intigen and the class.2 MHC protein on the surface of the tivated by macrophages, as previously described (fig. 23.25). 


itl chee The network of interaction among different cell types 
of the immune system now spreads outward. | lelper T cells, 
activated to an antigen by macrophages, can also promote 
the humoral immune response of B cells. In order to do this, 
the membrane receptor proteins on the surface of the helper 
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FIGURE 23.25 
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Interaction between macrophages, helper T lymphocytes, cytotoxce T lymphocytes, 
and infected cells in the immunological defense against viral infections. 


T lymphocytes must interact with molecules on the surface 
of the B cells. This occurs when the foreign antigen attaches 
to the immunoglobulin receptors on the B cells, so that the 
B cells can present this antigen together with its MHC class- 
2 protein to the receptors on the helper T cells (fig. 23.26). 
This interaction stimulates proliferation of the B cells, their 
conversion to plasma cells, and their secretion of antibodies 


against the foreign antigens. 


- Glucocorticoids (such as hydrocortisone), secreted by 
the adrenal cortex, can act to suppress the activity of 
the immune system and inflammation. This is why 

ym cortisone and its analogues are used clinically to treat 
inflammatory disorders and to inhibit the immune rejection of 
transplanted organs. The immunosuppressive effect of these 
hormones may result from the fact that they inhibit the 
secretion of the lymphokines It is interesting 1n this regard that 
interleukin-] has recently been shown to stmulate ACTH 
secretion Rising ACTH, in turn, simulates glucocorticoid 
secretion (chapter 19), which inhibits the immune system and 
suppresses interleukin-| secretion Immune control thus 
involves interaction not only among the cells of the :mmune 
system, but also between the immune and endocrine systems 


/olerance 


The ability to produce antibodies against foreign, nonself 
antigens, while tolerating (not producing antibodies against) 
self-antigens occurs during the first month or so of postnatal 
life when immunological competence is established. There- 
fore, if'a fetal mouse of one strain receives transplanted anti- 
gens trom a different strain, it will not recognize tissue 
transplanted from the other strain as foreign later in life, and, 
asa result, will not immunologically reyect the transplant. 
The ability of an individual's immune system to rec- 
ognize and tolerate self-antigens requires continuous expo- 
sure of the immune system to those antigens. If this exposure 
begins when the immune system is weak—as it is in fetal 
and early postnatal life—tolerance will be more complete 
= long lasting than that produced by exposure beginning 
ater in life. Some self-antigens, however, are normally hid- 
den from the blood, such as thyroglobulin within the thy- 
roid gland and lens protein in the eye. An exposure to these 
self-antigens results in antibody production just as if the pro- 
teins were foreign. Antibodies made against self-antigens 
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A schematic diagram of the events that are believed to occur 1n the interactions 


of macrophages, helper T lymphocytes, and B lymphocytes. 


are called autoantibodies. Killer T cells that attack self- 
antigens are called autoreactive T cells. 

Two general theories have been proposed to account 
for immunological tolerance: clonal deletion and clonal an- 
ergy. According to the clonal deletion theory, tolerance to 
self-antigens is achieved by destruction of the lymphocytes 
that recognize self-antigens. This occurs primarily during 
fetal life, when those lymphocytes that have receptors on 
their surface for self-antigens are recognized and destroyed. 
There is much evidence for clonal deletion in the thymus, 
and this mechanism is believed to be largely responsible for 
T cell tolerance. 

Clonal anergy occurs when lymphocytes directed 
against self-antigens are present throughout life bur, for 
complex and poorly understood reasons, do not attack 
the self-antigens. Clonal anergy may be aided by sup- 
pressor T lymphocytes, but evidence suggests that other 
mechanisms are also involved. Clonal anergy is believed 


to be largely responsible for tolerance in B cells, and there 
is some evidence that it may also contribute to tolerance 
in T cells. 


development of a strain that suffers from severe 

combined immunodeficiency (SCID) This condition is 

similar to a rare congenital condition in humans, and 
is charactenzed by the absence of both B and T lymphocytes. 
Grafts in SCID mice are therefore not rejected. This inability to 
reject transplants has been exploited by reconstituting a 
human immune system in SCID mice using lymphocytes from 
peripheral human blood or human fetal liver, thymus, and 
lymph node grafts. This technique may provide a means for 
studying the functions of the immune system and diseases of 
the human immune system. Since the HIV virus, for example, 
only infects human (and chimpanzee) lymphocytes, the 
mouse-human chimera may provide an animal model for 
experimental investigation of AIDS 
ateviee seesneeeseteee Sedeesenecccese 


chimera: Gk. Chimaira, a mythological monster with a lion's head, goat's body, and 
serpent’s tail 


\ A spontaneous mutation in mice leads to the 
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lumor Immunology 


Tumor cells can reveal anugens that activate an immune reaction that 


destroys the nemor. When cancers develop, this rmunologeal 


surveillance system—promanly the frmcuon of T lymphocytes and natural 


killer cells—has failed to prevent the growth and metastasis of the weno 


Oncology (the study of tumors) has revealed that tumor bi- 
ology ts similar to and interrelated with immune system func- 
tioning. Most tumors appear to be clones of single cells that 
have become transformed, in a process similar to the devel- 
opment of lymphocyte clones in response to specific anti- 
gens. Lymphocyte clones, however, are under complex 
inhibitory control systems—such as those exerted by sup- 
pressor T lymphocytes and negative feedback by antibod- 
ies. The division of tumor cells, by contrast, is not effectively 
controlled by normal inhibitory mechanisms. Tumor cells 
are also relatively unspecialized—they dedifferentiate, which 
means that they become like the less specialized cells of an 
embryo. 

Tumors are described as benign when they are relatively 
slow growing and limited toa specific location (warts, for ex- 
ample). Malignant nemors grow more rapidly and metastasize 


(mé-tas ‘téi-siz); that as, cells from the primary growth spread to 


TORRE REEUEURECOO SCOOP) 


metastasis: Gk. metastasis, a removing 


(a) 


FIGURE 23.27 


A killer T cell (a) contacts a cancer cell (the larger cell), in a manne 
with antigens on the cancer cell The killer T cell releases | 


the death of the cancer cell! (b). (S 


sewhere in the body where they form new tumors called 
r masses. The term cancer, as tt ts generally 


sites el 
secondary cance 
applied, refers to malignant tumors. . 

As tumors dedifferentiate, they reveal surface antivens 
thar can stimulate the immune destruction of the tumor 
cells. Consistent with the concept of dedifferentiation, some 
of these antigens are proteins produced in embryonic or fetal 
life that are not normally produced postnatally. Since they 
are absent at the me immunological competence ts estab- 
lished, they are treated as foreign and fit subjects tor im- 
munological attack when they are produced by cancerous 
cells. The release of two such antigens into the blood has 
provided the basis for laboratory diagnosis of some cancers 
Carcinoembryonic (kar “si-no-em “bre-on tk) antigen tests are 
useful in diagnosing colon cancer, for example, and tests for 
alpha-fetoprotein (normally produced only by the fetal liver) 
help in the diagnosis of liver cancer, 

Tumor antigens activate the immune system, init- 
ating an attack primarily by killer T lymphocytes (fig. 
23.27) and natural killer cells. The concept of immuno- 
logical surveillance against cancer was introduced in the 
early 1970s to describe the proposed role of the immune 
system in fighting cancer. According to this concept, 
tumor cells frequently appear in the body but are normally 
recognized and destroyed by the immune system betore 
they can cause cancer. There ts evidence that immunolog- 
ical surveillance does prevent some types of cancer; this 
explains why, for example, AIDS victims (with a depressed 


—T cell 


_ Cancer cell 
(destroyed) 


(b) 


r that requires specific interaction 


She | ymphokines, including toxins that cause 
canning electron micrographs © Andrejs 


Liepens.) 
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immune system) have a high incidence of Karposi's sar- 


coma. It is not clear, however, why all types of cancers do 
not appear with high frequency in AIDS patients and oth- 
ers Whose immune systems are suppressed. For these rea- 
sons, the generality of the immunological surveillance 


system concept is currently controversial. 


Immune Therapy of Cancer 


The production of human interferons by genetically en- 
gineered bacteria has made large amounts of these sub- 


stances available for the experimental treatment of 


cancer. Thus far, interferons have proven to be a useful 
addition to the treatment of particular forms of cancer, 
including some types of lymphomas, renal carcinoma, 
melanoma, Karposi’s sarcoma, and breast cancer. They 
have not, however, proved to be the “magic bullet” 
against cancer (a termed coined by Paul Ehrlich) as had 
previously been hoped. 

A team of scientists at the National Cancer In- 
stitute has pioneered the use of another lymphokine, 
interleukin-2 (IL-2), also now available through ge- 
netic engineering techniques. IL2 activates both killer 
T lymphocytes and B lymphocytes. These investigators 
removed some of the blood from cancer patients who 
could not be successfully treated by conventional 
means and isolated a population of their lymphocytes. 
They treated these lymphocytes with IL-2 to produce 
lymphokine-activated killer (LAK) cells and then infused 
these cells, together with IL-2 and interferons, into the 
patients. Depending on the combinations and dosages, 
they obtained remarkable success (but not a complete 
cure for all cancers) in many of these patients. 

The research group next identified a subpopulation 
of lymphocytes that had invaded solid tumors in mice. 
These tumor-infiltrating lymphocyte (TIL) cells were allowed 
to replicate in tissue culture, whereupon they were intro- 
duced into the mice with excellent results. Recently, these 
same techniques were used to treat an experimental group 
of people with metastatic melanoma, a cancer that claims 
the lives of 6000 Americans annually. First, the patients 
were given conventional chemotherapy and radiation ther- 
apy. Then they were treated with their own TIL cells and 
IL-2. Some of the preliminary results of this treatment seem 
very promising. It should be noted, however, that the long- 
term effects of the treatment are not known at the present 
time, and more research is needed to clarify the optimum 


procedures for this therapy. 


cancer: L. cancer, a crab 
Paul Ehrlich: German bacteriologist, 1854-1915 
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Natural Hiller Cells 


In a particular strain of hairless mice, a thymus and T lym- 
phocytes are genetically lacking, yet these mice do not ap- 
pear to suffer a particularly high incidence of tumor 
production. This surprising observation led to the discovery 
of natural killer (NK) cells, which are lymphocytes that 
are related to, but distinct from, T lymphocytes. Unlike 
killer T cells, NK cells destroy tumors in a nonspecific fash- 
ion and do not require prior exposure for sensitization to 
the tumor antigens. The NK cells thus provide a first line of 
cell-mediated defense, which is subsequently backed up by 
a specific response mediated by killer T cells. These two 
cell types interact, however; the activity of NK cells ts stim- 
ulated by interferon, released as one of the lymphokines 
from T lymphocytes. 


Effects of Aging and stress 


Susceptibility to cancer varies widely. The Epstein-Barr virus 
that causes Burkitt's lymphoma in a few individuals in 
Africa, for example, can also be found in healthy people 
throughout the world. Most often the virus is harmless; in 
some Cases, it Causes Mononucleosis (involving a limited 
proliferation of white blood cells). Only rarely does this virus 
cause the uncontrolled proliferation of leukocytes charac- 
teristic of Burkitt's lymphoma. The reasons for these differ- 
ent responses to the Epstein-Barr virus and indeed for the 
variance in degree of susceptibility to other forms of cancer 
are not well understood. 

It is known that cancer risk increases with age. Ac- 
cording to one theory, aging lymphocytes gradually accu- 
mulate genetic errors that decrease their effectiveness. The 
age-related atrophy of the thymus is also believed to con- 
tribute to an increased susceptibility to disease. The secretion 
of thymus hormones decreases with age, as does the pro- 
duction of new T lymphocytes. These changes could pro- 
duce a decline in cell-mediated immune competence, and 
thus an increased susceptibility to cancer. 

Numerous experiments have demonstrated that tumors 
grow faster in experimental animals subject to stress than 
in unstressed control animals. Stressed animals, including 
humans, exhibit increased secretion of corticosteroid hor- 
mones that suppress the immune system (which is why cor- 
tisone is given to people who receive organ transplants and 
to people with chronic inflammatory diseases). Some recent 
experiments, however, suggest that the stress-induced sup- 
pression of the immune system may also be due to other fac- 
tors that do not involve the adrenal cortex. Future advances 
in cancer therapy may incorporate methods of strengthening 
the immune system together with methods that directly de- 
stroy tumors. 
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Clinical Considerations 


The ability of the normal immune system to tolerate self- 
antigens while it identifies and attacks foreign antigens pro- 
vides a specific defense against invading pathogens. At times, 
however, this system of defense against invaders is respon- 
sible for domestic offenses that may produce diseases ranging 
in severity trom the sniffles to sudden death. 

Diseases caused by the immune system can be grouped 
into three interrelated categories: (1) autormmune diseases, 
(2) immune complex diseases, and (3) allergy, or hypersensi- 
tivicy. It is important to remember that these diseases are 
not caused by foreign pathogens but by abnormal responses 
of the immune system. 


Autoimmunity 


In an autoimmune disease, the immune system fails to rec- 
ognize and tolerate self-antigens. As a consequence of this 
failure, autoreactive T lymphocytes are activated and au- 
toantibodies are produced by B lymphocytes, causing in- 
flammation and organ damage. Over 40 known or suspected 
autoimmune diseases affect 5% to 7% of the population. 
These diseases arise through a variety of mechanisms. 


| An antigen that does not normally circulate in the blood may 
become exposed to the immune system. In Lymphocytic thyroidins 
(Hashimoto's disease), for example, thyroglobulin proce that 1s 
normally trapped within the thyroid follicles sumulates the 
production of autoantibodies that attack the thyroid (fig. 23.28). 
Similarly, autoantibodies developed against lens protein ina 
damaged eye may cause the destruction of a healthy eye, as in 


sympatheuc ophthalmia. 


2 A self-antigen that is otherwise tolerated may be altered by 
combining with a foreign hapten. The disease thrombocytopenia 
(low platelet count), for example, can be caused by the 
aurormmune destruction of thrombocytes (platelets). This occurs 
when drugs such as aspirin, sulfonamide, antihistamines, digoxin, 
and others combine with platelet proteins to produce new 
antigens. The symptoms of this disease usually disappear when the 


person stops taking these drugs. 


3 Antibodies may be produced that are directed against other 
antibodies. Rheumatoud arthritis, for example, is an autoimmune 
disease associared with the abnormal production of one group of 
antibodies (of the IgM type) that attack other antibodies (of the 
IgG type). This contributes to the inflammation reaction of the 


joints characteristic of the disease 


4 Antibodies produced against foreign antigens may cross- 
react with self-antigens. Autoimmune diseases of this sort can 
occur, for example, as a result of Streptococcus bacterial infections. 
Antibodies produced in response to antigens in this bacterium 
may cross-react with self-anrigens in the heart and kidneys. The 


(b) 


FIGURE 23.28 

Autoimmune thyroiditis in a rabbit, induced experimentally by 
injection with thyroglobulin. Compare the picture of a normal 
thyroid (a) with that of a diseased thyroid (b). The grainy 
appearance of the diseased thyroid is due to the infiltration of 
large numbers of lymphocytes and macrophages. 


inflammation induced by such autoantibodies can produce heart 
damage (including the valve defects characteristic of rheumatic 
fever) and damage to the glomerular capillaries in the kidneys 
(glomerulonephritis). 


5 Self-antigens, such as receptor proteins, may be presented to 
the helper T lymphocytes together with class-2 MHC proteins. 
Normally, only macrophages and B lymphocytes produce class-2 
MHC proteins. Perhaps as a result of viral infection, however, cells 
that do not normally produce class-2 HLA antigens may start to do 
so and, in this way, present a self-antigzen to the helper T 
lymphocytes. In Graves’ disease, for example, the thyroid cells 
produce class-2 MHC proteins, and the immune system produces 
autoantibodies against the TSH receptor proteins in the thyroid 
cells. These autoantibodies, called TSAb for “thyroid-stimularing 
antibody,” interact with the TSH receptors and overstimulate the 
thyroid gland. Similarly, in type | diabetes mellitus, the beta cells of 
the pancreatic islets abnormally produce class-2 MHC proteins, 
resulting In autoimmune destructic mn of the insulin-producing cells. 
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Immune Lomplen Diseases | 


The term immune complexes refers to 
combinations of antibodies with antigens 
that are tree rather than attached to bac- 
terial or other cells. The formation of 
such complexes activates complement 
proteins and promotes inflammation. 
This inflammation normally is self- 
limiting because the immune complexes 
are removed by phagocytic cells. When 
large numbers of immune complexes are 
continuously formed, however, they can- 
not be cleared and the inflammation may 
be prolonged. Also, the dispersion of im- 
mune complexes to other sites can lead 
to widespread inflammations and organ 
damage. The damage produced by the inflammatory response 
to antigens is called immune complex disease. 

Immune complex diseases can result from infections 
by bacteria, parasites, or viruses. In hepatitis B, for exam- 
ple, an immune complex that consists of viral antigens and 
antibodies can cause widespread inflammation of arteries 
(periarterttts). Arterial damage is not caused by the hepatitis 
virus itself but by the inflammatory process. 

Immune complex diseases can also result from the for- 
mation of complexes between self-antigens and autoanti- 
bodies. This is the case in rheumatoid arthritis, where the 
inflammation is produced by complexes of altered IgG an- 
tibodies (the antigens in this case) and IgM antibodies. An- 
other immune complex disease that has an autoimmune basis 
is systemic lupus erythematosus (SLE). People with SLE pro- 
duce antibodies against their own DNA and nuclear pro- 
teins, which can result in the formation of immune 
complexes throughout the body. 


Allergy 


The term allergy, often used interchangeably with hypersen- 
sitivity, refers to particular types of abnormal immune re- 
sponses to antigens, Which in these cases are called allergens. 
There are two major forms of allergy: (1) immediate hyper- 
sensitivity, which is due to an abnormal B lymphocyte re- 
sponse that produces symptoms within seconds or minutes, 
and (2) delayed hypersensitivity, which is an abnormal T 
lymphocyte response that produces symptoms within about 
48 hours after exposure to an allergen. These two types of 


er Poy 
hypersensitivity are compared in table 23.11. 


Immediate Hypersensitivity Immediate hypersensitiv- 
ity can produce a variety of symptoms, including aller- 
vic rhinitis (chronic runny or stuffy nose), ConsUNCHIVITs 
(red eves), allergic asthma, and atopic dermatitis (ur- 


ticaria, or hives). These symptoms result from the pro- 


Table d.1] Allergy: Comparison of immediate and 
delayed hypersensitivity reactions 


duction of antibodies of the IgE subclass rather than the 
normal IgG antibodies. 

In contrast to IgG antibodies, IgE antibodies do not cir- 
culate in the blood. Instead, they attach to tissue mast cells, 
which have membrane receptors for these antibodies. When 
the person is again exposed to the same allergen, the allergen 
bonds to the antibodies attached to the mast cells. This stim- 
ulates the mast cells to secrete various chemicals, including 
histamine (fig. 23.29). During this process, leukocytes may 
also secrete prostaglandins and related molecules called 
leukotrienes. These chemicals (table 23.12) produce the symp- 
toms of the allergic reactions. Examination of table 23.12 re- 
veals that histamine stimulates smooth muscle contraction in 
the respiratory tract but stimulates smooth muscle relaxation 
in the walls of blood vessels. This seemingly paradoxical ef- 
fect is because the smooth muscle relaxation in the wall of 
blood vessels is actually produced by nitric oxide (chapter 22), 
which ts synthesized in response to histamine stimulation. 

The symptoms of hay fever (itching, sneezing, watery 
eyes, runny nose) are produced largely by histamine and can be 
treated effectively by antihistamine drugs. Food allergies, caus- 
ing diarrhea and colic, are mediated primarily by prostaglandins 
and can be treated with aspirin, which inhibits prostaglandin 
synthesis. (Food allergies are the only allergies that Tespond 
positively to aspirin.) Asthma, produced by smooth muscle 
constriction in the bronchioles in the lungs, 1s due to the re- 
lease of leukotrienes. Since there are no antileukotriene drugs 
presently available, asthma is treated with epinephrine-like 
compounds (which cause bronchodilation) and corticosteroids. 

Immediate hypersensitivity to a particular antiven ts 
commonly tested by injecting various antigens under the skin 
(fig. 23.30). Within a short time a flare-and-wheal reaction is 
produced if the person ty allergic ro that antigen. This reac- 
tion ts due to the release of histamine and other chemical 
mediators: the flare (spreading flush) is due to vasodilation, 
and the wheal (elevated area) results from local edema. 
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Allergy (immediate 

hypersensitivity) occurs when 
antibodies of the IgE subclass attach to 
tissue mast cells. The combination of these 
antibodies with allergens (antigens that provoke 


an allergic reaction) causes the mast cell to secrete histarnme and 


other chemicals that produce the symptoms of allergy. 
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Allergens that provoke immediate hypersensitivity in- 
clude various foods, bee stings, and pollen grains. The most 
common alleryy of this type is seasonal hay fever, which may 
be provoked by ragweed (Ambrosia) pollen grains (fig. 
23.31a). People with chronic allergte rhinitis and asthma 
an allergy to dust or feathers are usually allergic toa 
23.31b) that lives in dust and eats the scales 
he body. Actually, 


due to 
tiny mite (fig. 
of skin that are constantly shed trom ¢ 
most of the antigens from the dust mite are not i its hody 
hut rather nats feces, Which are tiny particles that can enter 
the nasal mucosa, much Ike pollen grains. 


Delayed Hypersensitivity In delayed hypersensitivity, as 
the name implies, symptoms take a longer time (hours to 
days) to develop than in immediate hypersensitivity. This 
may be because immediate hypersensitivity ts mediated 


ae antibodies ; 
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by antibodies, whereas delayed hypersensitivity is a cell- 
mediated T lymphocyte response. Since the symptoms are 
caused by the secretion of lymphokines, rather than by the 
secretion of histamine, treatment with antihistamines pro- 
vides little benefit. At present, corticosteroids are the only 
drugs that can effectively treat delayed hypersensitivity. 
One of the best-known examples of delayed hypersen- 


sitivity ts contact dermatitis, caused by poison ivy, powsen 
oak, and poison sumac. The skin tests for tuberculosis—the 
tne test and the Mantoux test—also rely on delayed hyper 
sensitivity reactions. Ifa person has been exposed to the 
tubercle bacillus and consequently has developed T lym- 
Phocyte clones, skin reactions appear within a period of a 
few days after the tubercle antigens have been rubbed into 
the skin with small needles (tine test) or have been injected 
under the skin (Mantoux test). 
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FIGURE 23.30 


A skin test for allergy. If an allergen is injected into the skin of a 


within several minutes. 


ie — 


(a) 


FIGURE 23.31 


(a) A scanning electron micrograph of ragweed (Ambrosia), which 
is responsible for hay fever. (b) A scanning electron micrograph of 


sensitive individual, a typical flare-and-wheal response occurs 


the house dust mite (Dermatophagoides farinae). Dust mites are and Company. 
often responsible for chronic allergic rhinitis and asthma. 


(a) From: Tissues and Organs: A Text Atlas of Scanning Electron 
Microscopy by R. G. Kessel and R. Kardon. © 1979 W. H. Freeman 


Lymphatic System and Immunity 


Chapter summary 


Lymphatic System (pp. 648-651) 


1. Lymph capillaries drain excess interstitial 
fluid and are highly permeable to proteins 
and particles Such as microorganisms 

2. Lymph ducts receive lymph from the 
lymph capillaries and eventually empty 
into the thoracic duct and right lymphatic 
duct, which in turn empty into the left and 
right subclavian veins, respectively 


_ Lymph nodes contain germinal centers 


for lymphocyte production 


_ The spleen and thymus are lymphoid 


organs that contain germinal centers. 

a. The spleen also filters the blood and 
destroys old red blood cells 

b. The thymus plays a key role in the 
immune system. 


Defense Mechanisms (pp. 651-656) 


1. Nonspecific defense mechanisms includ 
barriers to penetration of the body by 
Pathogens and internal defenses. 

2. Specific immune responses are directed 
against antigens 
a Antigens are molecules, or parts of 

molecules, that are usually large, 
complex, and foreign. 


e 
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Interactions of the Immune and Lymphatic Systems 


Bee 
with other Body Systems 
integumentary System Respiratory System 
© Serves as first line of defense from invasion by © Provides oxygen for transport by the blood and 
pathogens provides for eli tion of carbon dioxide from 


e Lymphatic vessels drain excess interstitial fluid 
© Immune system protects against infection 


Skeletal System 

© Provides sites (bone marrow) for hemopoiesis, 
including formation of leukocytes involved in 
immunity 

e Lymphatic vessels drain excess interstitial fluid 

¢ Immune system protects against infection 


Muscular System 

¢ Cardiac and smooth muscles help deliver blood 
to lymphatic organs 

¢ Lymphatic vessels drain excess interstitial fluid 

e Immune system protects against infection 


Nervous System 

¢ Neural regulation of the pituitary and adrenal 
glands indirectly influences activity of the 
immune system 

° Nerves regulate blood flow to lymphatic organs 

e Lymphatic vessels drain excess interstitial fluid 

e Immune system protects against infection 


Endocrine System 

¢ Pituitary and adrenal glands influence immune 
function 

e Thymus regulates production of T lymphocytes 

e Lymphatic vessels drain excess interstitial fluid 

e Immune system protects against infection 


the blood 
© Lymphatic vessels drain excess interstitial fluid 
© Immune system protects against infection 


Urinary System 

¢ Regulates the volume, pH, and electrolyte 
balance of the blood and eliminates wastes 

© Lymphatic vessels drain excess interstitial fluid 

¢ Immune system protects against infection 


Digestive System 

¢ Provides nutrients to be transported by the 
circulatory system to lymphatic organs and 
tissues 

* Lymphatic vessels drain excess interstitial fluid; 
absorbed fat enters the lacteals 

¢ Immune system protects against infection 


Reproductive System 

¢ Reproductive hormones may influence immune 
functioning 

* Blood-testes barrier prevents sperm cell antigens 
from provoking autoimmune response 

¢ Lymphatic vessels drain excess interstitial fluid 

° Immune system protects against infection 
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b. Agiven molecule can have a number 
of antigenic determinant sites that 
stimulate the production of different 
antibodies. 

3. Specific immunity is a function of 
lymphocytes 

a. B lymphocytes secrete antibodies and 
provide humoral, or antibody- 
mediated, immunity 

1) T lymphocytes provide cell-mediated 
immunity. 


Functions of B Lymphocytes 
(pp. 656-662) 


1. There are five subclasses of antibodies, or 
immunoglobulins 

2. Antigen-antibody complexes activate a 
system of proteins called the complement 
system. 

3. Specific and nonspecific immune 
mechanisms cooperate in the 
development of a local inflammation. 


Active and Passive Immunity 
(pp. 652-666) 


1. Aprimary response is produced when a 
person is first exposed to a pathogen; a 
subsequent exposure results in a 
secondary response. 

2. The secondary response is believed to be 
due to lymphocyte clones that develop 
after the first exposure as a result of the 
antigen-stimulated proliferation of 
appropriate lymphocytes. 


Review Activities 


Objective Questions 
1. Which of the following offers a 
nonspecific defense against viral 
infection? 
a. antibodies 
b. leukotrienes 
c. interferon 


d. histamine 
Match the cell type with its secretion. 
2. killer T cells a. antibodies 
3. mast cells b. perforins 
4. plasma cells c. lysosomal 
enzymes 
5. macrophages d. histamine 


6. Which of the following statements about 
the F,, portion of antibodies Is true? 
a. It bonds to antigens. 
b. Its amino acid sequences are variable. 
c. Itconsists of both H and L chains. 
d. All of the above are true. 


3. Passive immunity is provided by transfer 
of antibodies from an immune to a 
nonimmune organism 
a. Passive immunity occurs naturally in 

the transfer of antibodies from mother 
to fetus. 

b. Injections of antiserum provide 
passive immunity to some pathogenic 
organisms and toxins. 

4. Monoclonal antibodies are made by 
hybridomas, which are formed artificially 
by the fusion of B lymphocytes with 
multiple myeloma cells 


Functions of T Lymphocytes 
(pp. 666-673) 


1. The thymus processes T lymphocytes and 
secretes hormones that are believed to be 
required for the proper function of the 
immune response of T lymphocytes 
throughout the body 

2. There are three subcategories of T 
lymphocytes. 

a. Killer T lymphocytes are responsible 
for transplant rejection and for the 
immunological defense against fungal 
and viral infections, as well as for the 
defense against some bacterial 
infections. 

b. Helper and suppressor T lymphocytes 
stimulate or suppress, respectively, 
the function of B lymphocytes and 
killer T lymphocytes. 


7. Which of the following statements about 
complement proteins C3, and C5, is 
false? 

a. They are released during the 
complement fixation process. 

b. They stimulate chemotaxis of 
phagocytic cells. 

c. They promote the activity of 
phagocytic cells. 

d. They produce pores in the victim cell 
membrane. 

8 Mast cell secretion during an immediate 
hypersensitivity reaction is stimulated 
when antigens combine with 
a. IgG antibodies 
b. IgE antibodies. 

c. IgM antibodies. 
d. IgA antibodies. 

9. During a secondary immune response, 

a antibodies are made quickly and in 
great amounts. 

b. antibody production lasts longer than 
in a primary response. 


c. The T lymphocytes secrete a family of 
compounds called lymphokines, which 
promote the action of lymphocytes 
and macrophages 

d. Receptor proteins on the cell 
membrane of T lymphocytes must 
bind to a foreign antigen in 
combination with a MHC protein in 
order for the T lymphocyte to become 
activated. 

3. Macrophages partially digest a foreign 
body, such as a virus, and present the 
antigens to the lymphocytes on the 
surface of the macrophage in 
combination with class-2 MHC proteins. 

4 Interleukin-2 stimulates proliferation of 
killer T lymphocytes that are specific for 
the foreign antigen. 

5. Tolerance to self-antigens may be due to 
the destruction of lymphocytes that can 
recognize the self-antigens, or it may be 
due to suppression of the immune 
response by the action of specific 
suppressor T lymphocytes. 


Tumor Immunology (pp. 674-675) 


1. Immunological surveillance against 
cancer is provided mainly by killer T 
lymphocytes and natural killer cells. 

2. Natural killer cells are nonspecific; T 
lymphocytes are directed against specific 
antigens on the cancer cell surface. 


Lymphatic System and Immunity 
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Cc. antibodies of the IgG class are 
produced. 

d. lymphocyte clones are believed to 
develop. 

e. all of the above apply. 

10. Which of the following cells aids the 
activation of lymphocytes by antigens? 
a. macrophages 
b. neutrophils 
c. mast cells 
d. natural killer cells 

11. Which of the following statements about 
T lymphocytes 1s fa/se? 

a. Some T lymphocytes promote the 
activity of B lymphocytes. 

b. Some T lymphocytes suppress the 
activity of B lymphocytes 

c. Some T lymphocytes secrete 
interferon. 

d. Some T lymphocytes produce 
antibodies. 


Downloaded from Durr-e-Danish, Library 


Chapter Twenty-Three 


12. Delayed hypersensitivity is mediated by 


a. T lymphocytes. 
b. Blymphocytes. 
c. plasma cells. 
d. natural killer cells. 
13. Active immunity may be produced by 
a. contracting a disease. 
b. receiving a vaccine. 


Cc. receiving gamma globulin injections. 


a 


. both aand b. 
. both bandc 


o 


14. 


Which of the following statements about 

class-2 MHC proteins is fa/se? 

a. They are found on the surface of B 
lymphocytes. 

b. They are found on the surface of 
macrophages. 

c. They are required for B lymphocyte 
activation by a foreign antigen. 

d. They are needed for interaction of 
helper and killer T lymphocytes. 

e. They are presented together with 
foreign antigens by macrophages. 


Essay Questions 


1. 


2. 


Explain how antibodies help to destroy 
invading bacterial cells 

Explain how T lymphocytes interact with 
macrophages and the infected cells in 
fighting viral infections. 


_ Explain how helper and suppressor T 


lymphocytes may function in (a) defense 
against infections and (b) tolerance to 
self-antigens. 


_ Describe the clonal selection theory and 


explain how it accounts for the 
development of active immunity. 


_ Explain the physiological and clinical 


significance of histocompatibility 
antigens. 
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+ Hemoglobin and Ouygen Transport 707 
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© Discuss the functions of the respiratory system and 
describe and identify the organs associated with 
respiration. 

* State the type of epithejium found in each region of 
the respiratory tract and describe the location and 
function of the paranasal sinuses. 

© Describe the regions of the pharynx and the structure 
and functions of the larynx and conducting airways. 

© Describe the structure and function of the alveoli. 

® Discuss the gross structure of the lungs and the 
arrangement and significance of thoracic serous 


membranes. 

© Describe the changes in intrapulmonary and 
intrapleural pressure during breathing and discuss 
how Boyle's law relates to lung function. 

© Define compliance, elasticity, and surface tension 
and explain how they affect jung function. 

© State the muscles involved in quiet and in forced 
inspiration and expiration and describe their actions. 

© Distinguish between restrictive and obstructive 
pulmonary disease and give examples of each type. 

© Define the terms used to describe lung volumes and 
capacities and describe how pulmonary function tests 
help diagnose lung disorders. 


Carbon Diovide Transport and Acid-Base 
Balance 711 

Effects of Enercise and High Altitude on 
Respiratory Function 714 

Clinical Considerations 718 

Abdominal Thrust Maneuver 71 
Reviving a Person Who Has Stopped 


Breathing Tot 
NEXUS 723 


Chapter Summary 724 
Review Activities 725 


¢ Discuss the calculation of partial pressures of gases in 
the air and explain how they are measured in the blood. 

¢ Explain the significance of the plasma Po, 
measurement. 

¢ Discuss the functions of the pneumotaxic, apneustic, - 
and rhythmicity centers in the brain. 

¢ State the location of the chemoreceptors and explain 
the chemoreceptor reflex contro! of breathing. 

© Distinguish between the different forms of hemoglobin 
and describe the loading and unloading reactions. 


© Explain how changes in pH, temperature, and 2, 3- 


DPG influence the function of hemoglobin. 
¢ Describe how carbon dioxide is transported in the 
blood and discuss the chloride shift. 


© Explain how breathing helps to maintain acid-base 


balance and how changes in ventilation can produce 
respiratory acidosis and alkalosis. 


© Explain the increased ventilation that occurs during 


exercise and describe the effect of exercise on blood 
Po,, Peo,, and pH. 
© Discuss the effect of endurance training on anaerobic 
d 


threshold. 
© Describe the respiratory system changes associated 


with acclimatization to a high altitude. 
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Functions and Divisions of 


the Respiratory oystem 


The respiratory system can be divided anatomically mto upper and 
lower divisions and functionally mto a conducting division and a 
respiratory division, 


The term respiration refers to three separate but related func- 
tions: (1) ventilation (breathing); (2) gas exchange, which 
occurs between the air and blood in the lungs and between 
the blood and other tissues of the body; and (3) oxygen uti- 
lization by the tissues in the energy-liberating reactions of 
cell respiration. Ventilation and the exchange of gases (oxy- 
gen and carbon dioxide) between the air and blood are col- 
lectively called external respiration. Gas exchange between 
the blood and other tissues and oxygen utilization by the 
tissues are collectively known as internal respiration. 

Ventilation is the mechanical process that moves air 
into and out of the lungs. Since air in the lungs has a higher 
oxygen concentration than the blood, oxygen diffuses from 
air to blood. Carbon dioxide, conversely, moves from the 
blood to the air within the lungs by diffusing down its con- 
centration gradient. As a result of this gas exchange, the in- 
spired air contains more oxygen and less carbon dioxide than 
the expired air. More importantly, blood leaving the lungs 
(in the pulmonary veins) has a higher oxygen concentra- 
tion and a lower carbon dioxide concentration than the 
blood delivered to the lungs in the pulmonary arteries. This 
results from the fact that the lungs function to bring the 
blood into gaseous equilibrium with the atr. 

The major passages and structures of the respiratory 
system (fig. 24.1) are the nasal cavity, pharynx, larynx, and 
trachea, and the bronchi, bronchioles, and alveolt within the 
lungs. The respiratory system ts frequently divided into the 
conducting division and the respiratory division. The con- 
ducting division includes all of the cavities and structures 
that transport gases to the respiratory division. The struc- 
tures involved in the gas exchange between the air and blood 


constitute the respiratory division, 


Arts conducted through the nasal and oral cavities to the pharynx and 
then through the laryny to the trachea and bronchial ree. These 
structies deliver warmed, cleansed, and humidified air to the 


respiratory divisean in the lungs 


respiration L re. back, spiare, lo breathe 


© 
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Nose and Pharyne 


The nose includes an external portion that juts out from 
the face and an internal nasal cavity for the passage of arr, 
The external portion of the nose 1s supp. orted by paired nasal 
bones, forming the bridge (chapter 9), and pliable cartilage, 
forming the distal portions. The septal cartilage forms the 
anterior portion of the nasal septum, and the paired lateral 
cartilages and alar cartilages form the framework around 
the nostrils. 

The perpendicular plate of the ethmoid bone and the 
vomer bone, together with the septal cartilage, constitute the 
supporting framework called the nasal septum, which divides 
the nasal cavity into two lateral halves. Each half opens an- 
teriorly through the nostril (fig. 24.2) and communicates 
posteriorly with the nasopharynx through the choana (ko-a- 
nai). The roof of the nasal cavity is formed anteriorly by the 


Nasal cavity 


Nostril 


Hard palate 


Right 


FIGURE 24.1 


The basic anatomy of the respiratory system 


frontal bone and paired nasal 
bones, medially by the cribri- 
form plate of the ethmoid bone, 
and posteriorly by the sphenoid Opening of frontal sinus 
bone. The palatine and maxil- 
lary bones form the floor of the 
cavity. On the lateral walls are 
the superior, middle, and infe- 
rior conchae (kong ‘ke). Air pas- 
sages between the conchae are 
referred to as meatuses (fig. 
24.2). The anterior openings of 
the nasal cavity are lined with 
stratified squamous epithelium, 
whereas the conchae are lined 
with pseudostratified ciliated 
columnar epithelium (figs. 24.3 
and 24.4). Mucus-secreting 
goblet cells are present in great 
abundance throughout both 
regions. 

The three functions of the 
nasal cavity and its contents are 
as follows: 


Inferior concha (cut) 


Opening of 
Nasolacrimal duct 


Nostnil 


Hard palate 


Upper lip 


Oral cavity 


Tongue 


1 The nasal epithelium covering 

the conchae warms, moistens, and 

cleanses the air. The curved 

conchae enhance the turbulence 

of the air and extend the surface FIGURE 24.2 
area of the nasal epithelium, 
which is highly vascular. This 1s 
important for warming the air but unfortunately also makes 
humans susceptible to nosebleeds. Nasal hairs called vibrissae (u- 
bris'e), which often extend from the nostrils, filter macroparticles 
that might otherwise be inhaled. Fine particles, such as dust, 
pollen, or smoke, are trapped along the moist mucous membrane 
lining the nasal cavity. 


2 Olfactory epithelium in the upper medial portion of the nasal 
cavity responds to inhaled chemicals during olfaction. 


3 The nasal cavity is associated with voice phonetics by 


functioning as a resonating chamber. 


2 There are several drainage openings into the nasal 
cavity (see fig. 24.2). The paranasal ducts drain mucus 
from the paranasal sinuses, located in the frontal, 
ethmoid, sphenoid, and maxillary bones, and the 

nasolacrimal ducts drain tears from the eyes. An excessive 
secretion of tears causes the nose to run as the tears drain into 
the nasal cavity. The auditory tube from the middle ear enters 
the upper respiratory tract postenor to the nasal cavity in the 
nasopharynx. With all these accessory connections, it 1s no 


meatus: L. meatus, path 


Middle concha (cut) 


Hyoid bone 


Frontal sinus 


| Superior meatus 


Opening of etnmoidal sinus 


Opening of maxillary sinus 


Opening of spnenoidal sinus 


Sphenoidal sinus 


Choana 


Yo /—_———_——— Pharyngeal tonsil 
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Opening of auditory tube 
Soft palate 


Uvula 


Palatine tonsil 
Lingua! tonsil 


Epigiottis 


Esophagus 


A sagittal section of the head showing the structures of the upper respiratory tract. 


wonder that infections can spread so easily from one chamber 
to another throughout the facial area. To avoid causing 
damage or spreading infections to other areas, one must be 
careful not to blow the nose too forcefully. 


The pharynx (far ‘ingks) is a funnel-shaped passageway, 
approximately 13 cm (5 in.) long that connects the nasal 
and oral cavities to the larynx at the base of the skull. The 
supporting walls of the pharynx are composed of skeletal 
muscle and the lumen is lined with a mucous membrane. 
Within the pharynx are several paired lymphoid organs, 
called tonsils (fig. 24.2). The pharynx has both respiratory 
and digestive functions and ts divided on the basis of location 
and function into three regions: nasal, oral, and laryngeal. 

The nasopharynx (na “zo-far ‘ingks) has a respiratory 
function only. It is the uppermost portion of the pharynx, 
directly posterior to the nasal cavity and superior to the level 
of the soft palate. A pendulous uvula hangs from the middle 
lower border of the soft palate. The paired auditory 


PTUUUREPE Eee) 


pharynx: L. pharynx, throat 
uvula. L. uvula, small grape 
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FIGURE 24.3 
The various types of epithelial tissues 
~ found throughout the respiratory system. 


' 


c Simple cuboidal epithelium 
< io ' (lining alveolar ducts) 


Simple squamous epithelium 
~~ (lining alveoli) © 18 
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FIGURE 24.4 

A color-enhanced scanning electron micrograph of a bronchial 
ing cilia. In the trachea and bronchi, there are about 
300 ciha per cell. The cilia move mucus-dust packages toward the 
re they can either be swallowed or expectorated. 


wal] show 


pharynx, whe 


(eustachian) tubes connect the nasopharynx with the 
middle-ear cavities. A collection of lymphoid tssue called 
the pharyngeal tonsils, or adenoids, are situated in the pos- 
terior wall of this cavity. During the act of swallowing, the 
soft palate and uvula are elevated to block the nasal cavity 
and prevent food from entering. Occasionally a person may 
suddenly exhale air (as with a laugh) while in the process 


adenoid: Gk. adenoeides, glandlike 
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of swallowing fluid. If this occurs before the uvula effectively 
blocks the nasopharynx, fluid will be discharged through 
the nasal cavity. 

The oropharynx (0 “ro-far ‘ingks) is the middle portion 
of the pharynx, between the soft palate and the level of the 
hyoid bone. The base of the tongue forms the anterior wall of 
the oropharynx. Paired palatine tonsils are located along the 
posterior lateral wall of the oropharynx, and the lingual ton- 
sils are found on the base of the tongue. This portion of the 
pharynx has both a respiratory and a digestive function. 

The laryngopharynx (a-ring “go-far ingks) 1s the low- 
ermost portion of the pharynx. It extends posteriorly from 
the level of the hyoid bone to the larynx and opens into the 
esophagus and larynx. It is at the lower laryngopharynx that 
the respiratory and digestive systems become distinct. Swal- 
lowed food and fluid is directed into the esophagus, whereas 
inhaled air is moved anteriorly into the larynx. 


r During a physical examination, a physician 
commonly depresses the patient's tongue and 
examines the condition of the palatine tonsils. Tonsils 
are pharyngeal lymphoid organs and tend to become 
swollen and inflamed after persistent infections. As 
mentioned in chapter 23, tonsils may have to be surgically 
removed when they become so overrun with pathogens after 
repeated infections that they themselves become the source ol 
infection. The removal of the palatine tonsils is called a 
tonsillectomy, whereas the removal of the pharyngeal tonsils 
1s called an adenoidectomy. 
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The larynx (lar ‘ingks), or voice box, forms the entrance into 
the lower respiratory system as it connects the laryngophar- 
ynx with the trachea. It is positioned in the anterior mid- 
line of the neck at the level of the fourth through sixth 
cervical vertebrae. The larynx functions to prevent food or 
fluid from entering the trachea and lungs during swallow- 
ing and to permit passage of air while breathing. A secondary 
function is to produce sounds. 

The larynx is shaped like a triangular box (fig. 24.5). 
It is composed of nine cartilages: three are large, single struc- 
tures and six are smaller, paired structures. The largest of the 
unpaired cartilages is the anterior thyroid cartilage. The la- 
ryngeal prominence of the thyroid cartilage, commonly 
called the “Adam's apple,” forms an anterior vertical ridge 
along the larynx that can be palpated on the midline of the 
neck. The thyroid cartilage is typically larger and more promi- 
nent in males than in females because of the effect of testos- 
terone on the development of the larynx during puberty. 

The spoon-shaped epiglottis has a cartilaginous frame- 
work. Itis behind the root of the tongue and aids in closing 
the glottis, or laryngeal opening, during swallowing. The 
lower end of the larynx is formed by the ring-shaped cricoid 
(kri‘koid) cartilage. This third unpaired cartilage connects 
the thyroid cartilage above and the trachea below. The 
paired arytenoid (ar T-te ‘nvid) cartilages, located above the 
cricoid cartilage and behind cartilage the thyroid cartilage, 
furnish the attachment of the vocal cords. The other paired 
cuneiform cartilages and corniculate (kor-ntk ‘yit-lat) carti- 
lages are small accessory cartilages that are closely associ- 
ated with the arytenoid cartilages (fig. 24.6). 


thyroid. Gk. thyreos, shieldlike 

arytenoid: Gk arytaina, ladle or cup-shaped 
cuneiform: L. cuneus, wedge-shaped 

corniculate: L. corniculum, diminutive of cornu, horn 
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FIGURE 24.6 

A supenor view of the vocal cords. In (a) the vocal cords are taut; 
in (b) they are relaxed and the glottis is opened. (c) A photograph 
through a laryngoscope showing the true and false vocal cords 


and the glottis 
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Two pairs of strong connective tissue bands are stretched 
across the upper opening of the larynx from the thyroid car- 
tilage anteriorly to the paired arytenoid cartilages posteriorly. 
These are the true vocal cords and the false vocal cords (fig. 
24.6). The false vocal cords support the true vocal cords and, 
as their name implies, are not used in sound production. The 
true vocal cords vibrate in the production of sound. 

The laryngeal muscles are extremely important in clos- 
ing the glottis during the act of swallowing and in speech. 
There are two groups of laryngeal muscles: extrinsic mus- 
cles, responsible for elevating the larynx during swallowing, 
and intrinsic muscles that, when contracted, change the 
length, position, and tension of the vocal cords. Various 
pitches are produced as air passes over the altered vocal 
cords. If the vocal cords are taut, vibration is more rapid and 
causes a higher pitch. Less tension on the cords produces 
lower sounds. Mature males generally have thicker and 
longer vocal cords than females; therefore, the vocal cords of 
males vibrate more slowly and produce lower pitches. 


a Duning the act of swallowing, the larynx is elevated to 
close the glottis against the epiglottis. This movement 
can be noted by cupping the fingers lightly over the 
larynx and then swallowing. Food may become 

lodged within the glottis if itis not closed as it should be. In 
this case, the abdominal thrust (Heimlich) maneuver can be 
used to prevent suffocation (see page 721). 


Trachea and Bronchial Iree 


The trachea (tra ‘ke-&), commonly called the windpipe, is a 
rigid tube, approximately 12 cm (4% in.) long and 2.5 cm 
(1 in.) in diameter. It is positioned anterior to the esophagus 
and connects the larynx to the primary bronchi (fig. 24.7). 
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FIGURE 24.8 
Histology of the trachea. 
(a) A photomicrograph 
showing the relationship 
of the trachea to the 
esophagus (3x) and (b) a 
photomicrograph of 
tracheal cartilage (63x). 
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FIGURE 24.7 


An anterior view of the larynx, trachea, and bronchi. 


A series of 16 to 20 C-shaped rings of hyaline cartilage form 
the walls of the trachea (fig. 24.8). The open part of the C is 
positioned posteriorly and is covered by fibrous connective 
tissue and smooth muscle. The cartilages provide a rigid but 
flexible tube that allows the airway to be permanently open. 
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The division of the trachea into right and left bronchi is 
inforced by the carina (ka-ri‘na), a keel-like c 


(see fig. 24.7). 
\ emergency opening so that ventilation can still occur. 
A tracheotomy is the process of surgically opening 
the trachea, anda tracheostomy is the procedure of inserting 
a tube into the trachea to permit breathing and to keep the 
passageway open. A tracheotomy should be performed only 
by a competent physician because of the great risk of cutting 


a recurrent laryngeal nerve or the common carotid artery, 
which is also in this area. 


re- 
artilage plate 


If the trachea becomes occluded, as by aspiration of a 
foreign object, it may be necessary to create an 


The bronchial tree is so named because it is composed 
of a series of respiratory tubes that branch into progressively 
narrower tubes as they extend into the lung. The trachea 
bifurcates into a right and left primary bronchus (brong ‘kus). 
Each bronchus has hyaline cartilage rings surrounding its 
lumen to keep it open as it extends into the lung. Because of 
the more vertical position of the right bronchus, foreign par- 
ticles are more likely to lodge here than in the left bronchus. 

The bronchus divides deeper in the lungs to form see- 
ondary bronchi and segmental (tertiary) bronchi. The 
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bronchial tree continues to branch into yet smaller tubules 
called bronchioles (brong ‘ke-olz) (fig. 24.9). There is almost 
no cartilage in the bronchioles, and the smooth muscle in 
their walls can constrict or dilate these airways. Bronchi- 
oles provide the greatest resistance to air flow in the con- 
ducting passages, and thus their function ty analogous to 
that of the arterioles in the vascular system. A simple 
cuboidal epithelium lines the bronchioles rather than the 
pseudostratified ciated columnar epithelium that lines the 
bronchi (see fig. 24.3). Numerous terminal bronchioles mark 
the end of the air-conducting pathway to the alveoh. 

Regardless of the temperature and humidity of the at- 
mosphere, when the inspired air reaches the respiratory zone 
it is ata temperature of 37° C (body temperature) and it is 
saturated with water vapor. This ensures that a constant 
internal body temperature will be maintained and that 
delicate lung tissue will be protected from desiccation. 

Mucus secreted by cells of the conducting zone serves 
to trap small particles in the inspired air and thereby per- 
forms a filtration function. This mucus is moved along ata 
rate of | to 2 centimeters per minute by cilia projecting from 
the tops of epithelial cells that line the conducting zone (fig. 
15.7). About 300 cilia per cell beat in a coordinated fash- 
ion to move mucus toward the pharynx, where it can either 
be swallowed or expectorated. 
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FIGURE 24.9 


The high surface area of contact between the 
pulmonary capillanes and the alveol: allows 
for rapid exchange of gases between the air 
and blood 
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_ Asa result of this filtration function, particles larger 
than about 6 pm do not normally enter the respiratory 


) zone of the lungs. The importance of this function is 
evidenced by the disease called black Jung. which 
occurs In miners who inhale too much carbon dust and 
tribed in a later 
section). The alveoli themselves are normally kept clean by 


therefore develop pulmonary fibrosis (as des« 


the action of macrophages that reside within them. The 


cleansing action of cilia and macrophages in the lungs has 
been shown to be diminished by cigarette smoke. 


Hlveoli, Lungs, and Pleurae 


Alveolt are the funcuonal units of the lungs, where gas exchange occurs. 
Right and left lungs are separately contamed in pleural membranes. 


Alveali 


Air from the terminal bronchioles enters the alveolar ducts. 
The alveolar ducts contain individual alveoli as outpouch- 
ings along their length and open into clusters of alveoli 
called alveolar sacs at their ends (fig. 24.9). The last three 
structures make up the respiratory division of the lungs. 

Gas exchange in the lungs occurs across about 300 mil- 
lion tiny (0.25—0.50 mm in diameter) alveoli. The enormous 
number of these structures provides a large surface area 
(60-80 square meters, or about 760 square feet) for diffusion 
of gases. The diffusion rate is further increased by the fact 
that each alveolus is only one cell layer thick, so that the 
total “air-blood barrier” is only two cells across (an alveolar 
cell and a capillary endothelial cell), or about 2 um. This is an 
average distance because the type I alveolar cells are thicker 
than the type | cells (fig. 24.10). Where the basement mem- 
branes of capillary endothelial cells fuse with those of type | 
alveolar cells, the diffusion distance is less than 1 um. 

Alveol are polyhedral and are usually clustered together, 
like the units of a honeycomb (fig. 24.11). As mentioned pre- 
viously, individual alveoli also occur as separate outpouch- 
ings along the length of the alveolar ducts. Although the 
distance between each alveolar duct and its terminal alveoli 
is only about 0.5 mm, these units together constitute most of 
the mass of the lungs. 

The enormous surface area of alveoli and the short dif- 
fusion distance between alveolar air and the capillary blood 
quickly bring the blood into gaseous equilibrium with the 
alveolar air. This function is further aided by the fact that 
each alveolus is surrounded by so many capillaries that they 
form an almost continuous sheet of blood around each alve- 
olus (see fig. 24.9). 
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FIGURE 24.10 
A diagram showing the relationship between lung alveoli and 
pulmonary capillaries. 


FIGURE 24.11 


A color-enhanced 
showing alveolar sacs and a bronchiole. 


scanning electron micrograph of lung tissue 


Longs 


The lungs are large, spongy, paired organs within the thoracic 
cavity. They lie against the rib cage anteriorly and posteriorly 
and extend from the diaphragm to a point just 
icles. The lungs are separated from one 
and other structures of the medi 
as shown in figure 24.12. The 
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FIGURE 24.12 


A cross section of the thoracic cavity showing the mediastinum 
and pleural membranes. 


the lungs. All structures of the respiratory system beyond the 
primary bronchi, including the bronchial tree and alveoli, are 
contained in the lungs. 

Each lung presents three surfaces that match the con- 
tour of the thoracic cavity. The mediastinal (medial) sur- 
face of each lung is slightly concave and contains a vertical 
slit, the hilum (hi‘lam), through which pulmonary vessels, 
nerves, and bronchi traverse. The inferior border of the lung, 
called the base, is concave as it fits over the convex dome of 
the diaphragm. Anteriorly, the portion of each lung that ex- 
tends above the level of the clavicle is called the apex. Fi- 
nally, the broad, rounded surface in contact with the rb cage 
is called the costal surface. 

Although the right and left lungs are basically similar, 
there are some distinct differences. The left lung ts some- 
what smaller than the right and has a cardiac notch on tts 
medial surface to accommodate the heart. The left lung is 
subdivided into a superior lobe and an inferior lobe by a 
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single fissure. The right lung is subdivided by two fissures 
into superior, middle, and inferior lobes (fig. 24.13). Each 
lobe of the lung is divided into many small lobules, which in 
turn contain the alveoli. Lobular divisions of the lungs com- 
pose specific bronchial segments. The right lung contains 10 
bronchial segments and the left lung contains 8 (fig. 24.13). 


Pleurae 


Pleurae (ploor’é) are serous membranes surrounding the lungs 
(see fig. 24.12). The visceral pleura adheres to the outer 
surface of the lung and extends into each of the interlobar 
fissures. The parietal pleura lines the thoracic walls and the 
thoracic surface of the diaphragm. A continuation of the 
parietal pleura around the heart and between the lungs forms 
the boundary of the mediastinum. Between the visceral and 
parietal pleurae ts a moistened space called the pleural cav- 
ity. An inferiorly extending reflection of the pleural layers 
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FIGURE 24.13 


Right lung 


Medial and basal view 


Lateral basai 


Lobes, lobules, and bronchopulmonary segments of the lungs. 


around the roots of each lung is called 
the pulmonary ligament. The pul- 
monary ligaments help to support the 
lungs. The normal position of the lungs 
in the thoracic cavity is shown in the 
radiograph in figure 24.14. 


4 The membranes of the thoracic 
cavity serve to 
compartmentalize the different 
organs. There are four distinct 

compartments: two pleural cavities (one 
surrounding each lung); a pericardial 
cavity in which the heart is situated; and 
the mediastinum, in which the 
esophagus, thoracic duct, major vessels, 
various nerves, and portions of the 
respiratory tract are located This 
compartmentalization has protective 
value because infections are usually 
confined to one compartment and 
damage to one organ will not usually 
involve another. Pleurisy, for example, 
whichis an intlamed pleura, 1s 
jenerally confined to one side A 
penetrating injury to one side, such as a 
knife wound. might cause one lung to 
collapse but nat the other 
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FIGURE 24.14 

Radiographic views of the chest of 
(a) a normal female and (b) a normal 
male. 
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Physical Aspects 


of Ventilation 


The movement of air mto and out of the lungs 
occurs as a result of pressure differences 


induced by changes m lung volumes 
Venulation is thus mfluenced by the physical 
properties of the lings, meluding their 
compliance, elasticity, and surface tension 


Movement of air from the conducting 
division to the terminal bronchioles oc- 
curs as a result of the pressure difference 
between the two ends of the airways. 
Air tlow through bronchioles, like 
blood flow through blood vessels, is di- 
rectly proportional to the pressure dif- 
ference and inversely proportional to 
the frictional resistance to flow. The 
pressure differences in the respiratory 
division are induced by changes in lung 
volumes. The physical properties of the 
lungs, including their compliance, elas: 
ticity, and surface tension, aftect their 
functioning. 
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Intrapulmonary and Intrapleural Pressures 


The wet, serous membranes of the visceral and parietal pleu- 
rae are normally flush against each other, so that the lungs 
are stuck to the chest wall in the same manner that two wet 
pieces of glass stick to each other. The intvrapleural space be- 
tween the two wet membranes contains only a thin layer of 
fluid secreted by the pleural membranes. The pleural cavity in 
a healthy, living organism is thus potential rather than real; it 
can become real only in abnormal situations when air enters 
the intrapleural space. Since the lungs normally remain in 
contact with the chest wall, they get larger and smaller to- 
gether with the thoracic cavity during respiratory movements. 

Air enters the lungs during inspiration because the at- 
mospheric pressure is greater than the intrapulmonary, or 
alveolar, pressure. Since the atmospheric pressure does not 
usually change, the intrapulmonary pressure must fall below 
atmospheric pressure to Cause inspiration. A pressure below 
that of the atmosphere is called a subarmospheric pressure, or 
negative pressure. During quiet inspiration, for example, the 
intrapulmonary pressure may decrease to 3 mmHg below the 
pressure of the atmosphere. This subatmospheric pressure is 
commonly shown as —3 mmHg. Expiration, conversely, oc- 
curs when the intrapulmonary pressure is greater than the 
atmospheric pressure. During quiet expiration, for example, 
the intrapulmonary pressure may rise to at least +3 mmHg 
over the atmospheric pressure. 

The lack of air in the intrapleural space produces a sub- 
atmospheric intrapleural pressure that is lower than the in- 
trapulmonary pressure (table 24.1). Thus, there is a pressure 
difference across the wall of the lung—the transpulmonary 
pressure—which is the difference between the intrapul- 
monary pressure and the intrapleural pressure. Since the pres- 
sure within the lungs (intrapulmonary pressure) ts greater 
than that outside the lungs (intrapleural pressure), the dif- 
ference in pressure (transpulmonary pressure) acts to expand 
the lungs as the thoracic volume expands during inspiration. 


Boyle’sLaw Changes in intrapulmonary pressure occur as 
a result of changes in lung volume. This follows from Boyle’s 
law, which states that the pressure of a given quantity of gas 
is inversely proportional to its volume. An increase in lung 
volume during inspiration decreases intrapulmonary pres- 
sure to subatmospheric levels; air therefore goes in. A de- 
crease in lung volume raises the intrapulmonary pressure fo 
levels above that of the atmosphere, thus pushing air out. 
These changes in lung volume occur as a Consequence of 
changes in thoracic volume, as we will describe in a later 


section on the mechanics of breathing. 
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Boyle's law from Robert Boyle, Irish-born British physicist, 1627-91 


Table 04] Intrapulmonary and 
intrapleural pressures in 
normal, quiet breathing, and 
the transpulmonary pressure 
acting to expand the lungs 


Inspiration Expiration — 


Note: Pressures indicate mmHg below or above atmospheric 
pressure. Intrapleural pressure is normally always negative 
(subatmospheric). 


Physical Properties of the lungs 


In order for inspiration to occur, the lungs must be able to ex- 
pand when stretched—they must have high compliance. In 
order for expiration to occur, the lungs must get smaller when 
this stretching force is released—they must have elasticity. 
The tendency to get smaller is also aided by forces produced by 
surface tension within the alveoli. 


Compliance The lungs are very distensible, about 100 
times more distensible than a toy balloon. Another term for 
distensibility is compliance (kom-pli‘ans), which is defined as 
the change in lung volume as a function of change in the 
transpulmonary pressure. A given transpulmonary pressure, 
in other words, will cause greater or lesser expansion, 
depending on the compliance of the lungs. 

The compliance of the lungs is reduced by factors that 
produce a resistance to distension. As an extreme example, if 
the lungs were filled with concrete, a given transpulmonary 
pressure would produce no increase in lung volume and no air 
would enter; the compliance would be zero. The infiltration 
of lung tissue with connective tissue proteins, a condition 
called pulmonary fibrosis, similarly decreases lung compliance. 


Elasticity The term elasticity refers to the tendency of a 
structure to return to its initial size after being distended. A 
high content of elastin proteins makes the lungs very elastic, 
so that they resist distension. Since the lungs are normally 
stuck to the chest wall, they are always in a state of elastic 
tension. This tension increases during inspiration when the 
lungs are stretched and as reduced by elastic recoil during 
expiration. The elasticity of the lungs and of other thoracic 
structures aids in pushing the air out during expiration. 


Respiratory System 
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FIGURE 24.15 

A pneumothorax of the right lung. The night side of the thorax 
appears uniformly dark because if ts filled with air; the spaces 
between the ribs are also greater than those on the left due to 
release from the elastic tension of the lungs. The left lung appears 
denser (less dark) because of shunting of blood from the right to 
the left lung. 


=a The elastic nature of lung tissue becomes apparent 

when air enters the intrapleural space (as a result of 

an open chest wound, for example). This condition, 

called a pneumothorax (noo”mo-thor‘aks), is shown 
in figure 24.15. As air accumulates in the intrapleural space, 
the intrapleural pressure rises until it is equal to the 
atmospheric pressure. When the intrapleural pressure is the 
same as the intrapulmonary pressure, the lung can no longer 
expand. Not only does the lung not expand during inspiration, 
it actually collapses away from the chest wall as a result of 
elastic recoil. Fortunately, a pneumothorax usually causes 
only one lung to collapse, since each lung is in a separate 
pleural compartment. 


Surface Tension The forces that act to resist distension 
include elastic resistance and surface tension that is exerted 
by fluid in the alveoli. Although the alveoli are relatively 
dry, they do contain a very thin film of fluid, much like soap 
bubbles. Surface tension is created because water molecules 
at the surface are attracted more to other water molecules 
than to air. As a result, the surface water molecules are pulled 
tightly together by attractive forces from underneath. 

The surface tension of an alveolus produces a force 
that is directed inward and, as a result, creates pressure 
within the alveolus. As described by the law of LaPlace, 
the pressure created is directly proportional to the surface 
tension and inversely proportional to the radius of the alve- 
olus (fig. 24.16). According to this law, the pressure in a 


pneumothorax. Gk. pneumon, spirit (breath); L. thorax, chest 
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According to the law of LaPlace, the pressure created by surface 
tension should be greater in the smaller alveolus (right) than in the 
larger alveolus (/eft). This implies that (without surfactant) smaller 
alveoli would collapse and empty their air into larger alveoli. 


smaller alveolus would be greater than that in a larger alve- 
olus if the surface tension were the same in both. The greater 
pressure of the smaller alveolus would then cause it to empty 
its air into the larger one (fig. 24.16). This does not_nor- 
mally occur because, as an alveolus decreases in size, its sur- 
face tension (the numerator in the equation) is decreased 
as its radius (the denominator) is reduced. The cause of the 
reduced surface tension, which prevents the alveoli from 
collapsing, is described in the next section. 


dorfactant and the Respiratory Distress Syndrome 


Alveolar fluid contains a phospholipid known as dipalmi- 
toy lecithin, probably attached to a protein, which func- 
tions to lower surface tension. This compound is called 
surfactant (sur ‘fak ‘tant)—a contraction of the term surface- 
active agent. Because of the presence of lung surfactant, the 
surface tension in the alveoli is lower than would be pre- 
dicted if surfactant were absent. Further, the ability of lung 
surfactant to lower surface tension improves as the alveoli get 
smaller during expiration. This may be because the surfactant 
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molecules become more concentrated as the alveoli get 
smaller. Lung surfactant thus prevents the alveoli from col- 
lapsing during expiration, as would be predicted from the 
law of LaPlace. Even after a forceful expiration, the alveoli 
remain open and a residual volume of air remains in the lungs. 
Since the alveoli do not collapse, less surface tension has to 
be overcome to inflate them at the next inspiration. 

Surfactant is produced by type II alveolar cells (fig. 
24.17) in late fetal life. Since surfactant does not start to 
be produced until about the eighth month, premature babies 
are sometimes born with lungs that lack sufficient surfac- 
tant, and their alveoli are collapsed as a result. This con- 
dition is called respiratory distress syndrome. It ts also 
called hyaline membrane disease because the high surface 
tension causes plasma fluid to leak into the alveoli, pro- 
ducing a glistening membrane appearance (and pulmonary 
edema). This condition does not occur in all premature ha- 
bies: the rate of lung development depends on hormonal 
conditions (thyroxine and hydrocortisone primarily) and 
on genetic factors. 
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is a difficult one because the newborn must overcome 
great surface tension forces in order to inflate its 
partially collapsed alveoli. The transpulmonary 
pressure required for the first breath is 15 to 20 times that 
required for subsequent breaths, and an infant with 
respiratory distress syndrome must duplicate this effort with 
every breath. Fortunately, many babies with this condition 
can be saved by mechanical ventilators and by exogenous 
surfactant delivered to the baby’s lungs by means of an 
endotracheal tube. The exogenous surfactant may be a 
synthetic mixture of phosholipids or it may be surfactant 
obtained from bovine lungs. 


\ Even under normal conditions, the first breath of life 


J} 


Mechanics of Breat 


Normal, quiet mspiration results from musele contraction, and normal 
expiration from muscle relaxation and elastic recoil. These actions can 
be forced by contractions of the accessory respiratory muscles. The 
amount of air mspired and expired can be measured in a number of 
ways to test pulmonary function, 
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FIGURE 24.18 


A change in lung volume, as shown by radiographs, during 
expiration (a) and inspiration (b). The increase in lung volume 
during full inspiration is shown by comparison with the lung 
volume in full expiration (dashed lines). 


The thorax must be sufficiently rigid so that it can protect 
vital organs and provide attachments for many short, pow- 
erful muscles. Breathing, or pulmonary ventilation 
requires that the thorax be flexible to function as a bellows 
during the ventilation cycle. The rigidity and the surfaces 
for muscle attachment are provided by the bony composi- 
tion of the nb cage. The rib cage ts pliable, however, be- 
cause the ribs are separate from one another and because 
most ribs (the upper 10 of the 12 pairs) are attached to the 
sternum by resilient costal cartilages. The vertebral atrach- 
ments likewise provide considerable mobility. The structure 
of the rib cage and associated cartilages provide continuous 
elastic tension, so that when stretched by muscle contraction 


Muscles of inspiration 


Sternocleidomastoid </ 


Scalenes 


Muscles of expiration 
Ee 


= 


{} 


SY 


SS 
7 


Internal intercostals 


Transversus abdominis 
Rectus abdominis 
(b) 


The muscles of respiration. (a) The principal muscles of inspiration and (b) the principal 
muscles of forced expiration. For the most part, expiration is passive. 


during inspiration, the rib cage can return passively to its 
resting dimensions when the muscles relax. This elastic re- 
coil is greatly aided by the elasticity of the lungs. 
Pulmonary ventilation consists of two phases, inspira- 
tion and expiration. Inspiration (inhalation) and expiration 
(exhalation) are accomplished by alternately increasing and 
decreasing the volumes of the thorax and lungs (fig. 24.18). 


Inspiration and Expiration 


The thoracic cavity increases in size during inspiration as a 
result of skeletal muscle contraction. The major expansion 
of the thoracic volume is produced by the downward con- 
traction of the dome-shaped diaphragm, which lowers toa 
more flattened shape. During quiet inspiration, the thoracic 
volume is also increased by contraction of intercostal mus- 
cles, which elevates the ribs and expands the nb cage. 
Between the bony portions of the rib cage are two lay- 
ers of intercostal muscles: the external intercostal muscles 
and the internal intercostal muscles (fig. 24.19). Between 
the costal cartilages, however, there is only one muscle layer 
and it has fibers oriented in a manner similar to those of 
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the internal intercostal muscles. These muscles may thus 
be called the intercondral part of the internal intercostal 
muscles. Another name for them is the parasternal inter- 
costal muscles. The parasternal intercostal muscles func- 
tion along with the external intercostal muscles to expand 
the rib cage during inspiration. 

Other thoracic muscles become involved in forced 
(deep) inspiration, including the scalenes and sternoclei- 
domastoid muscles of the neck and the pectoralis minor 
muscle of the chest. Contraction of these muscles elevates 
the ribs in an anteroposterior direction; at the same time, 
the upper rib cage is stabilized so that the intercostal mus- 
cles become more effective. 

Quiet expiration is a passive process. After becoming 
stretched by contractions of the diaphragm and thoracic 
muscles, the thorax and lungs recoil as a result of their elas- 
tic tension when the respiratory muscles relax. The decrease 
in lung volume raises the pressure within the alveoli above 
the atmospheric pressure and pushes the air out. 

During forced expiration, the internal intercostal mus- 
cles (excluding the interchondral part) contract and depress 
the rib cage. The abdominal muscles may also aid expira- 
tion because, when contracted, they force abdominal organs 
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up against the diaphragm, further decreasing the volume of 
the thorax. By this means, the intrapulmonary pressure 
within the pleural cavities can rise to.20 or 30 mmHg above 
atmospheric pressure. 

The events that occur during inspiration and expira- 
tion are shown in figure 24.20. 


Pulmonary Function lests 


Pulmonary function may be assessed clinically through a 
technique known as spirometry. In this procedure, a sub- 
ject breathes in a closed system in which air is trapped within 
a light plastic bell floating in water. The bell moves up when 
the subject exhales and down when the subject inhales. The 
movements of the bell cause corresponding movements of 
a pen, which traces a record of the breathing on a rotating 
drum recorder (fig. 24.21). 

An example of a spirogram is shown in figure 24.22, 
and the various lung volumes and capacities are defined in 
table 24.2. A lung capacity is equal to the sum of two or more 
lung volumes. During quiet breathing, for example, the 
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FIGURE 24.21 

A spirometer. With the exception of the residual volume, which is 
measured using special techniques, this instrument can 
determine respiratory volumes and capacities. 


amount of air expired in each breath is the tidal volume. 
The maximum amount of air that can be forcefully exhaled 
after a maximum inhalation is called the vital capacity and is 
equal to the sum of the inspiratory reserve volume, tidal 
volume, and expiratory reserve volume (fig. 24.22). Multi- 
plying the tidal volume at rest by the number of breaths per 
minute yields a total minute volume of about 6 L per minute. 
During exercise, the tidal volume and the number of breaths 
per minute increase to produce a total minute volume as high 
as 100 to 200 L per minute. 

It should be noted that not all of the inspired volume 
reaches the alveoli with each breath. As the fresh air is in- 
haled, it is mixed with air in the anatomical dead space 
(table 24.3). This dead space com- 
prises the conducting zone of the res- 
piratory system—nose, mouth, 
larynx, trachea, bronchi, and bron- 
chioles—where no gas exchange oc- 
curs. Air within the anatomical dead 


6000 ;~ 


Inspiratory 


space has a lower oxygen concentra- 
tion and a higher carbon dioxide 
concentration than the external air. 
Since the air in the dead space enters 
the alveoli first, the amount of fresh 
air reaching the alveoli with each 
breath is less than the tidal volume, 
Bur, since the volume of air in the 
dead space ts an anatomical constant, 
the percentage of fresh air entering 
the alveoli iy increased with increas- 
ing tidal volumes. For example, if the 
anatomical dead space is 150 ml and 


Lung volume in cubic centimeters (cc) 


FIGURE 24.22 
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reserve volume 


the tidal volume is 500 ml, the percent of fresh air reaching 
the alveoli is 350/500 x 100% = 70%. If the tidal volume is 
increased to 2000 ml, the percent of fresh air reaching the 
alveoli is 1850/2000 x 100% =93%. An increase in tidal vol- 
ume can thus be a factor in the respiratory adaptations to ex- 
ercise and high altitude, as will be described in later sections. 

Spirometry is useful in the diagnosis of lung diseases, 
On the basis of pulmonary function tests, lung disorders can 
be classified as restrictive or obstructive. In restrictive dis- 
orders, such as pulmonary fibrosis, the vital capacity is reduced 
to below normal. The rate at which the vital capacity can 
be forcibly exhaled, however, is normal. In disorders that are 
exclusively obstructive, such as asthma, the vital capacity is 
normal because lung tissue is not damaged. In asthma the 
bronchioles constrict, and this bronchoconstriction increases 
the resistance to air flow. Although the vital capacity is nor- 
mal, the increased airway resistance makes expiration more 
difficult and take a longer time. Obstructive disorders are 
thus diagnosed by tests that measure the rate of expiration. 
One such test is the forced expiratory volume (FEV), in 
which the percentage of the vital capacity that can be ex- 
haled in the first second (FEV, 0) is measured (fig. 24.23). 
An FEV 0 that is significantly less than 75% to 85% sug- 
gests the presence of obstructive pulmonary disease. 


\ 


Bronchoconstriction often occurs in response to the 
inhalation of noxious agents, such as smoke or smog. 
The FEV, has, therefore, been used by researchers 
to determine the effects of various components of 


smog and of passive cigarette smoke inhalation on 
pulmonary function. These studies have shown that it is 
unhealthy to exercise on very smoggy days and that 
inhalation of smoke from other people's cigarettes in a closed 
environment can measurably affect pulmonary function. 


A spirogram showing lung volumes and capacities. 


ih a, ee 


Title thet. 


Term Definition 


rminology used to describe lung volumes and capacities a 


Term 


SO Pes ee Cee ete es 7 3errr 


Definition 
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Lung volumes The four nonoverlapping components of 


the total lung Capacity 


Tidal volume The volume of gas inspired or expired in an 


unforced respiratory cycle 


Inspiratory reserve The maximum volume of gas that can be 
} volume inspired during forced breathing in addition 
to tidal volume 
_ Expiratory reserve 


The maximum volume of gas that can be 
volume 


expired during forced breathing in addition 
to tidal volume , . : 


10! 


People with pulmo- 
nary disorders frequently 
complain of dyspnea (disp 
ne-a@), which is a subjec- 
tive feeling of “shortness 
of breath.” Dyspnea may 


; 3 liters 
occur even when ventila- 


4 iiters 


tion is normal, however, 
and may not occur even | 
when total minute vol- 
ume is very high, as in 
exercise. Some of the terms | 
used to describe ventilation © 
are defined in table 24.3. 


Gas Exchange in the Lungs 


Gas exchange between the alveolar air and the blood in pulmonary 
capillaries results in an increased oxygen Concentration and a decreased 
carbon dioxide concentration m the blood leavmg the lungs. This blood 
enters the systemic arteries, where blood gas measurements are taken to 


Maximum expiration 


assess the effectiveness of lung function. 


The atmosphere is an ocean of gas that exerts pressure onall 
objects within it. The pressure exerted can he measured using 
a glass U-tube filled with fluid. One side of the U-tube is open 
to the atmosphere, while the other side is continuous with a 
sealed vacuum tube. Since the atmosphere presses on the 
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Lung capacities 


Capacity 


Measurements that are the sum of two or more lung 
volumes 


Total lung The total amount of gas in the lungs at the end of a 
capacity maximum inspiration 
Vital capacity The maximum amount of gas that can be expired after 
a maximum inspiration 
Inspiratory The maximum amount of gas that can be inspired at 


the end of a tidal expiration - = : ; 


IF 


FEV,,) = 4Lx 100% = 75% 


FIGURE 24.23 


An illustration of ]-second forced expiratory volume (FEV, 9) 
spirometry test for detecting obstructive pulmonary disorders. 


open-ended side, but not on the side connected to the vac- 
uum tube, atmospheric pressure pushes fluid in the U-tube up 
on the vacuum side to a height determined by the atmo- 
spheric pressure and the density of the fluid. Water, for ex- 
ample, will be pushed up toa height of 33.9 ft. (10,332 mm) 
at sea level, whereas mercury (Hg)—which is more dense— 
will be raised to a height of 760 mm. As a matter of conve- 
mience, therefore, devices used to measure atmospheric 
pressure (barometers) use mercury rather than water. The 
atmospheric pressure at sea level is thus said to be equal to 
760 mmb lg (or 760 torr), which is also described as a pressure 
of one atmosphere (fig. 24.24). 


Respiratory System 


Table 04d Ventilation Yerminclecy 


Term Definition 
Air spaces Alveolar ducts, alveolar sacs, and alveoli 
Airways Structures that conduct air from the mouth and 


= nose to the respiratory bronchioles ia 
Al eolar ventilation 
i 


Removal and replacement of gas in alveoli; equal j 
to the tidal volume minus the volume of dead 
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space times the ventilation rate 


gas exchange occurs 
Cessation of breathing 


breathing 
Normal, comfortable breathing at rest 


to metabolic rate: results in 
abnormally low alveolar CO. 


An alveolar ventilation that is low in 
relation to metabolic rate, results in 
abnormally high alveolar CO, 


sic Combination of anatomical dead space and 


not contribute normally to blood-gas ex 


According to Dalton’s law, the total pressure of a gas 
mixture (such as air) is equal to the sum of the pressures that 
each gas in the mixture would exert independently. The pres- 
sure that a particular gas in the mixture exerts independently 
is the partial pressure of that gas, which 1s equal to the prod- 
uct of the total pressure and the fraction of that gas in the 


mixture. Since oxygen constitutes about 21% of the armo- 
sphere, for example, its partial pressure (abbreviated Po.) is 
21% of 760, or about 159 mmHg. Since nitrogen constitutes 
about 78% of the atmosphere, its partial pressure is equal to 
0.78 x 760 = 593 mmHg. These two gases thus contribute 
about 99% of the total pressure of 760 mmHg: 


Piicy atmosphere = Puy + Po, + Poo, = 760 mmHg 


Dalton’s law from Jonn Dalton. English chemist. 1766-1844 


Volume of the conducting airways to the zone 3 
Unpleasant subjective feeling of difficult or laborec 


Alveolar ventilation that is excessive in relation 


underventilated or underperfused alveoli the 


FIGURE 24.24 

Atmospheric pressure at sea level can push a column of 
mercury to a height of 760 millimeters. This is also described 
as 760 torr, or one atmospheric pressure. 


Calculation of Py, 


With increasing altitude, the total atmospheric pressure 
and the partial pressures of the constituent gases decrease 
(table 24.4). At Denver, for example (5000 feet above 
sea level), the atmospheric pressure is decreased to 619 
mmHg, and the Po, is therefore reduced to 619 x 0.21 
= 130 mmHg. At the peak of Mount Everest (at 29,000 
feet), the Po, is only 42 mmHg. As one descends below 
sea level, as in ocean diving, the total pressure increases 
by one atmosphere for every 33 feet. At 33 feet there- 
fore, the pressure equals 2 x 760 = 1520 mmHg. At 66 
feet, the pressure equals three atmospheres. 

Inspired air contains variable amounts of mois- 
ture. By the time the air has passed into the respiratory zone 
of the lungs, however, it is normally saturated with water 
vapor (has a relative humidity of 100%). The capacity of 
air to contain water vapor depends on its temperature; since 
the temperature of the respiratory zone is constant at 37° 
C, its water vapor pressure is also constant (47 mmHg). 

Water vapor, like the other constituent gases, con- 
tributes a partial pressure to the total atmospheric pressure. 
Since the total atmospheric pressure is constant (depending 
only on the height of the air mass), the water vapor “dilutes” 
the contribution of other gases to the total pressure 


Peat atmosphere = Py, + Po, + Poo. + Pino 


When the effect of water vapor pressure is considered, 


the partial pressure of oxygen in the inspired air is decreased 
at sea level to 


Poy (sea level) = 0.21 (760 - 47) = 150 mmHg 
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FIGURE 24.25 


Partial pressures of gases in the inspired air and the alveolar air. 


As a result of gas exchange in the alveoli, the Po, of 
alveolar air is further diminished to about 105 mmHg. A 
comparison of the partial pressures of the inspired air with 
the partial pressures of alveolar air is shown in figure 24.25. 


Partial Pressures of bases in Blood 


The enormous surface area of alveoli and the short diffusion 
distance between alveolar air and the capillary blood help to 
quickly bring the blood into gaseous equilibrium with the 
alveolar air. When a liquid and a gas—such as blood and 
alveolar air—are at equilibrium, the amount of gas dissolved 
in the fluid reaches a maximum value. According to Henry's 
law, this value depends on (1) the solubility of the gas in 


Henry's law: from William Henry, English chemist, 1775-1837 
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the fluid, which is a physical constant; (2) the tem- 
perature of the fluid—more gas can be dissolved in 
cold water than warm water; and (3) the partial 
pressure of the gas. Since the temperature of the 
blood does not vary significantly, the concentration of 
a gas dissolved in a fluid (such as plasma) depends di- 
rectly on its partial pressure in the gas mixture. When 
water—or plasma—is brought into equilibrium with 
air ata Po, of 100 mmHg, for example, the fluid 
will contain 0.3 ml QO; per 100 ml of fluid at 37° C. 
If the Po, of the gas were reduced by half, the 
amount of dissolved oxygen would also be reduced 


by half. 


Blood-Gas Measurements Measurement of the 
oxygen content of blood (in ml of O2 per 100 ml 
blood) is a laborious procedure. Fortunately, an oxy- 
gen electrode that produces an electric current in 
proportion to the amount of dissolved oxygen has 
been developed. If this electrode 1s placed in a fluid while 
oxygen is artificially bubbled into it, the current produced by 
the oxygen electrode will increase up to a maximum value. 
Ac this maximum value, the fluid is saturated with oxygen— 
that is, all of the oxygen that can be dissolved at that tem- 
perature and Po, 1s dissolved. At a constant temperature, 
the amount dissolved—and thus the electric current—de- 
pend only on the Po, of the gas. 

As a matter of convenience, it can now be said that the 
fluid has the same Po, as the gas. If it is known that the gas has 
a Po, of 152 mmHg, for example, the deflection of a needle 
by the oxygen electrode can be calibrated on a scale at 152 
mmHg (fig. 24.26). The actual amount of dissolved oxygen 
under these circumstances is not particularly important (it 
can be looked up in solubility tables, if desired); it is simply 
a linear function of the Po). A lower Po indicates that less 
oxygen is dissolved; a higher Po, indicates that more oxy- 
gen is dissolved. 

If the oxygen electrode is next inserted into an un- 
known sample of blood, the Po, of that sample can be read 
directly from the previously calibrated scale. Let's say, for 
example, that the blood sample has a Po, of 100 mmHg 
as illustrated in figure 24.26. Since alveolar air has a Po, 
of about 105 mmHg, this reading indicates that the blood 
is almost in complete equilibrium with the alveolar air. 

The oxygen electrode responds only to oxygen dis- 
solved in water or plasma; it cannot respond to oxygen 
bound to hemoglobin in red blood cells. Most of the oxy- 
gen in blood, however, is located in the red blood cells at- 
tached to hemoglobin. The oxygen content of whole blood 
thus depends on both its Po, and its red blood cell and he- 
moglobin content. Ata Po, of about LOO mmHg, whole 
blood normally contains almost 20 ml QO; per 100 ml blood; 
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FIGURE 24.26 

Blood-gas measurements using a Po, electrode. (a) The electrical 
electrode IS purr so that 
to the Po, of the gas 
with w hich t the sia dis an equilibrium. (b) Oise standardized in 
in a fluid, such as blood, 


current generated b by the oxygen e 


this way, the electrode can be inserted 


and the Po. of this solution can be measured. 


of this amount, only 0.3 ml OQ, is dissolved in the plasma 
and 19.7 ml OQ» as found within the red blood cells. Since 
only the 0.3 ml O: per 100 ml blood affects the Po, mea- 
surement, this measurement would be unchanged if the red 
blood cells were removed from the sample. 


Significance of Blood Fy, and Fro, Measurements 


Since blood Po, measurements are not directly affected by 
the oxygen in red blood cells, the Po, does not provide a 
measurement of the total oxygen content of whole blood. 
It does, however, provide a good index of lung funcuon. If 
the inspired air had a normal Po, but the arterial Po, was 
below normal, for example, gas exchange in the lungs would 
have to be impaired. Measurements of arterial Po, thus pro- 
vide valuable information in treating people with pulmonary 
diseases, in performing surgery (when breathing may be de- 
pressed by anesthesia), and in caring for premature babies 
with respiratory distress syndrome. 

When the lungs are ftuncaioning properly, the Po, of 
systemic arterial blood a only 3 minty less than the P Oy of 
alveolar air. Ata normal Po. of about 100 mmHg, hemo- 
globin ws almost completely loaded with oxygen. An increase 
in blood Poy, —produced, tor example, by breathing 100% 
oxygen from a gas tank—thus cannot significantly increase 


Blood-gas machine 


Calibration knobs 


Arterial blood sample 


the amount of oxygen contained in the red blood 
cells. It can, however, significantly increase the 
amount of oxygen dissolved in the plasma be- 
cause the amount dissolved is directly deter- 
mined by the Po,. If the Po, doubles, the amount 
of oxygen dissolved in the pli isma also doubles, 
but the toral oxygen content of whole blood in- 
creases only slightly, since so little of the oxy- 
gen is in the plasma as compared to the amount 


f 


in the red blood cells. 

Since the oxygen carried by red blood cells 
must first dissolve in plasma before it can diffuse 
to the tissue cells, however, a doubling of the 
blood Po, means that the rate of oxygen diffusion 
to the rissues would double under these condi- 
tions. For this reason, breathing from a tank of 
100% oxygen (with a Po, of 760 mmHg) would 
significantly increase oxygen delivery to the tis- 
sues, although it would have little effect on the 
total oxygen content of blood. 

An electrode that produces a current in response to dis- 
solved carbon dioxide is also used, so that the Poo, of blood 
can be measured together with its Po). Blood in the systemic 
veins, which is delivered to the lungs by the pulmonary ar- 
teries, usually has a Po, of 40 mmHy and a Poo, of 46 mmHg. 
After gas exchange in the alveoli of the lungs, blood in the 
pulmonary veins and systemic arteries has a P. O» of about 100 
mmblg and a Poo, of 40 mmHg (fig. 24.27). The values in 
arterial blood are relatively constant and clinically signitt- 
cant because they reflect lung function. Blood-gas measure- 
ments of venous blood are not as clinically useful because 
these values are far more vartable. Venous Po, is much lower 
and Peo, much higher after exercise, for example, than at 
rest, Whereas arterial values are not significantly affected by 
usual changes in physical activity. 


The motor neurons that stimulate the respiratory muscles are controlled 


by neo mayor descending pathways: one from the cerebral cortex, which 
controls voluntary breathing, and one from the medulla oblongata, 
thich controls mvoluntary breathing. The wmeonserous, thythme 
control of breathing ts influenced by sensory feedback from receptors 
pH. and P, r» 


sensitive tothe Py, Is of artertal blood 


Inspiration and expiration are produced by the contraction 
and relaxation of skeletal muscles in response to activity in 
somatic Motor Neurons in the spinal cord. The activity of 
these Motor Neurons, in turn, ws Controlled by descending 
tracts tram neurons in the respiratory control centers in the 
medulla oblongata and from neurons in the cerebral corte. 
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FIGURE 24.27 
The Po, and Pec , of the blood as a result of gas 
exchange in the lung alveoli and gas exchange 
between systemic capillaries and body cells. 


nerve fibers that descend in the lateral and ventral 
white matter of the spinal cord from the medulla 
oblongata. The voluntary control of breathing isa 
function of the cerebral cortex and involves nerve fibers that 
descend in the corticospinal tracts (chapter 15). The 
separation of the voluntary and involuntary pathways that 
regulate breathing is dramatically illustrated in the condition 
called Ondine’s curse. In this condition, neurological damage 
prevents the automatic but not the voluntary control of 
breathing. People with Ondine’s curse must consciously force 
themselves to breathe and be put on artificial respirators 
when they sleep. 


\ The automatic control of breathing is regulated by 


JJ 


Brain Stem Respiratory Lenters 


A loose aggregation of neurons in the reticular formation of 
the medulla oblongata forms the rhythmicity (rith-mis ‘T-te) 
center that controls automatic breathing. The rhythmicity 
center consists of interacting pools of neurons that respond 
either during inspiration (J neurons) or expiration (E neu- 
rons). The I neurons project to and stimulate spinal mo- 
toneurons that innervate the respiratory muscles. Expiration 
is a passive process that occurs when the | neurons are in- 
hibited by the activity of the E neurons. The activity of | 
and E neurons varies ina reciprocal way, so that a rhythmic 
pattern of breathing is produced. The cycle of Inspiration 
and expiration is thus intrinsic to the neural activity of the 
medulla oblongata. The rhythmicity center in the medulla 


Alveoli 
Po, = 105 
Peo, = 40 


pulmonary 


Left 


atriurr 


Systemic 
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oblongata is divided into a posterior group of neurons, which 
regulates the activity of the phrenic nerves to the diaphragm, 
and an anterior group, which controls the motor neurons to 
the intercostal muscles. 

The activity of the medullary rhythmicity center is in- 
fluenced by centers in the pons. As a result of research in 
which the brain stem is destroyed at different levels, two 
respiratory control centers have been identified in the pons. 
Qne area, the apneustic (ap-noo ‘suk) center, appears to pro- 
mote inspiration by stimulating the | neurons in the medulla 
oblongata. The other pons area, called the pneumotaxic 
(noo “mé-tak ‘sik) center, seems to antagonize the apneustic 
center and inhibit inspiration (fig. 24.28). The apneustic 
center is believed to provide a tonic, or constant, stimulus for 
inspiration, Which is cyclically inhibited by the activity of 
the pneumotaxic center. 

The automatic control of breathing is also influenced 
by input from receptors sensitive to the chemical composi- 
tion of the blood. There are two groups of chemoreceptors 
that respond to changes in blood Poo,, pH, and Poy. These 
are the central chemoreceptors in the medulla oblongata 
and the peripheral chemoreceptors. The peripheral 
chemoreceptors are contained within small nodules associ- 
ated with the aorta and the carond arteries and receive blood 
trom these critical arteries via small arterial branches. The 
peripheral chemoreceptors include the aortic bodies, lo- 
cated around the aortic arch, and the carotid bodies, 
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Approximate locations of the brain stem respiratory centers 


Carotid sinus 


Common carotid artery 


Afoon 


Heart 


Sensory nerve fiber 
in glossopharyngeal nerv ’ 
(in glossopharyngeal nerve) yy the other hand, 1s not significantly in- 


Carotid bodies 


located in each common carotd artery just before it branches 
into the internal and external carotid arteries (fig. 24.29), 
The aortic and carotid bodies should not be contused with 
the aortic and carotid sinuses (chapter 22) that are located 
within these arteries. The aortic and carotic sinuses contain 
receptors that monitor the blood pressure. 

The peripheral chemoreceptors control breathing in- 
directly via sensory nerve fibers to the medulla oblongata. 
The aortic bodies send sensory information to the medulla 
oblongata in the vagus (tenth cranial) nerve; the carotid 
bodies stimulate sensory fibers in the glossopharyngeal 
(ninth cranial) nerve. 

The neural and sensory control of ventilation ts sum- 


marized in figure 24.30. 


Fffects of Blood Pryp and ph on Ventilation 


Chemoreceptor input to the brain stem modifies the rate 
and depth of breathing so that, under normal conditions, 
arterial Poo,, pH, and Po, remain relatively constant. In 
the event of hypoventilation (inadequate ventilation), Poo, 
quickly rises and pH falls. The pH falls because carbon diox- 
ide can combine with water to form carbonic acid (H2CO ), 
which in turn can release H* to the solution. This is shown 


in the following equations: 
CO) + H»O > H2CO; 
H;CO; 3 HCO;- + H” 


The oxygen content of the blood de- 
creases much more slowly because there is a 
large reservoir of oxygen attached to he- 
moglobin. During hyperventilation, con- 
versely, blood Poo, quickly falls and pH 
rises due to the excessive elimination of car- 
bonic acid. The oxygen content of blood, 


creased by hyperventilation (hemoglobin 
in arterial blood 1s 97% saturated with oxy- 


eet nerve fiber gen during normal ventilation). 
nN vagus nerve) 
The blood Peo, and pH are, there- 


fore, more immediately affected by 
changes in ventilation than ts the O, con- 


Aortic bodies tent. Indeed, changes in Poo, provide a 


sensitive index of ventilation, as shown 
in table 24.5. In view of these facts, it ts 
not surprising that changes in Peo, pro- 
vide the most potent stimulus for the re- 
flex control of ventilation. Ventilation, in 
other words, is adjusted to maintain a con- 
stant Poo; proper oxygenation of the 
blood occurs naturally as a side product of 
this reflex control. 
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FIGURE 24.30 

A schematic illustration of the control of ventilation by the central 
nervous system. The feedback effects of pulmonary stretch 
receptors and “irntant” receptors are not shown. 


Chemoreceptor regulation of breathing in response to 
changes in Peo, is illustrated in figure 24.31. Acting through 
this reflex mechanism, ventilation normally maintains an 
arterial Poo, of 40 mmHg. Hypoventilation, or inadequate 
breathing, causes a rise in blood Poo: which is not being 
“blown off" as rapidly as it is being produced. Indeed, hy- 
poventilation may be defined as ventilation in which blood 
carbon dioxide levels are higher than normal—a condition 
called hypercapnia (hi “per-kap ‘ne-a). Hyperventilation, con- 
versely, is excessive ventilation that results in abnormally 
low blood carbon dioxide levels, or hypocapnia. 


Chemoreceptors in the Medulla Oblongata)§= The chemore- 
ceptors most sensitive to changes in the arterial Poo, are lo- 
cated laterally and anteriorly in the medulla oblongata, near 
the exit of the glossopharyngeal and vagus (ninth and tenth 
cranial) nerves. These chemoreceptor neurons are anatom- 
ically separate from, but synaptically communicate with, the 
neurons of the respiratory control center in the medulla ob- 
longata. 

An increase in arterial Poo, causes a rise in the H* 
concentration of the blood as a result of increased carbonic 
acid concentrations. The H* in the blood, however, cannot 
cross the blood-brain barrier and, therefore, cannot influ- 
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Table 24.5 


The effect of ventilation, as 
measured by total minute 
volume (breathing rate x 
tidal volume), on the Pco, 
of arterial blood 


[ Increased arterial Peo, + — oO - 


Plasma CO, { Blood pH 


| 


Chemoreceptors 
in aortic and 
carotid bodies 


Sensory 
neurons 


Spinal cord 
motor neurons 


Respiratory 
muscles 


Negative 
feedback \ 


ee 


FIGURE 24.31 


Negative feedback control of ventilation through changes in 
blood Pco, and pH. The orange box represents the blood-brain 
barner, which allows CO; to pass into the cerebrospinal fluid 
while preventing the passage of H”. 


ence the medullary chemoreceptors. Carbon dioxide in the 
arterial blood can cross the blood-brain barrier and, through 
the formation of carbonic acid, can lower the pH of cere- 
brospinal fluid. This fall in cerebrospinal fluid pH directly 
stimulates the chemoreceptors in the medulla oblongata 
when there is a rise in arterial Poo. 

The chemoreceptors in the medulla oblongata are ulti- 
mately responsible for 70% to 80% of the increased ventila- 
tion that occurs in response to a sustained rise in arterial Peo. 
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This response, however, takes several minutes. The immedi- 
ate increase in ventilation that occurs when Peo, rises is pro- 
duced by stimulation of the peripheral chemoreceptors. 


Peripheral Chemoreceptors = The aortic and carotid bodies 
are not stimulated directly by blood CO». Instead, they are 


stimulated by a rise in the H* concentration (fall in pH) of 


arterial blood, which occurs when the blood CO), and thus 
carbonic acid, is raised. The retention of CO) during hy- 
poventilation thus stimulates the medullary chemorecep- 
tors through a lowering of cerebrospinal fluid pH and 
stimulates the peripheral chemoreceptors through a lowering 


of blood pH. 


“a People who hyperventilate during psychological 
stress are sometimes told to breathe into a paper bag 
so that they rebreathe their expired air that is 
enriched in CO;. This procedure helps to raise their 

blood P-o, back up to the normal range, which 1s necessary 
because hypocapnia causes cerebral vasoconstriction. In 
addition to producing dizziness, the cerebral ischemia 
(inadequate blood flow) that results can lead to acidotic 
conditions in the brain that, through stimulation of the 
medullary chemoreceptors, can cause further 
hyperventilation. Breathing into a paper bag can thus relieve 
the hypocapnia and stop the hyperventilation. 


Fffects of Blood Pye on Ventilation 


Under normal conditions, blood Po, affects breathing only 
indirectly by influencing the chemoreceptor sensitivity to 
changes in Pcg,. Chemoreceptor sensitivity to Peo, ts 
augmented by a low Po, (so ventilation is increased ata 
high altitude, for example) and is decreased by a high Po. If 
the blood Po, is raised by breathing 100% Od, therefore, the 
breath can be held longer because the response to increased 
Peo, is blunted. 
“When the blood Peo; ts held constant by experi- 

mental techniques, the Po, of arterial blood must fall from 
100 mmHg to below 50 mmHg before ventilation is sig- 
nificantly stimulared (fig. 24.32). This stimulation is ap- 
parently due to a direct effect of Po, on the carotid bodies. 
Since this degree of hypoxemia (hi “pok-seme-a), or low 
blood oxygen, does not usually occur even in breath hold- 
ing, Po, does not usually exert this direct effect on breath- 
ing. In ‘emphysema, when there is a chronic retention of 
carbon dioxide, the chemoreceptors eventually lose their 
ability to respond to increases in the arterial Peo). The ab- 
normally high Peo,, however, enhances the sensitivity of 
the carotid bodies to a fall in Po). For people with emphy- 
sema, breathing may thus be stimulated by a hypoxic drive 
rather than by increases in blood Peo). 


80 
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oO 
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FIGURE 24.32 

Comparison of the effects of increasing concentrations of CO} in 
air with decreasing concentrations of O2 1n gir on respiration. 
Notice that respiration increases linearly with increasing CO; 
concentration, whereas Q2 cancentrations must decrease to half 
the normal value before respiration is stimulated. 


The effect of changes in the blood Peo,, pH, and Po, 
on chemoreceptors and the regulation of ventilation are 
summarized in table 24.6. 


Pulmonary stretch and Irritant Reflenes 


The lungs contain various types of receptors that influence 
the brain stem respiratory control centers via sensory fibers 
in the vagus nerves. Irritant receptors in the lungs, for ex- 
ample, stimulate reflex constriction of the bronchioles in 
response to smoke and smog. Similarly, sneezing, sniffing, 
and coughing may be stimulated by irritant receptors in the 
nose, larynx, and trachea. 

The Hering-Breuer (her ‘ing broy’er) reflex is stimu- 
lated by pulmonary stretch receptors. The activation of 
these receptors during inspiration inhibits the respiratory 
control centers, making further inspiration increasingly dif- 
ficult. This helps to prevent undue distension of the lungs 
and may contribute to the smoothness of the ventilation 
cycles. A similar inhibitory reflex may occur during expi- 
ration. The Hering-Breuer reflex appears to be important in 
the control of normal ventilation in the newborn. Pul- 
monary stretch receptors in adults, however, are probably 
not active at normal resting tidal volumes (500 ml per 
breath) but may contribute to respiratory control at high 
tidal volumes, as during exercise. 


Hering—Breuer reflex: trom Ewald Hering, German Physiologist, 1834-1918, and Josef 
Breuer, Austrian physician, 1842-1925 
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Table 04.6 The sensitivity of chemoreceptors 
to changes in blood gases and pH 
Stimulus Chemoreceptor Comments 


cl Medulla oblongata; Medullary chemoreceptors are sensitive to the pI | 
: Ee and carotid Cerebrospinal fluid (CSF). Diffusion of CO» from t 
Odies 


blood into the CSF lowers the pH of CSF by fo 
carbonic acid. Similarly, the aortic and carotid 
are Stimulated by a fall in blood pH induced by 


The protein part of hemoglobin is 
composed of two identical alpha chains, 
each 141 amino acids long, and two 
identical beta chams, each 146 amino 
acids long. Each of the four polypeptide 
chains is combined with one heme 
group. In the center of each heme group 
is one atom of tron, which can combine 
with one molecule of oxygen (O2). One 
hemoglobin molecule can thus combine 


increases in blood COp. 


Aortic and carotid 
bodies 


Hemoglobin without oxygen, or deoxyhemoglobin, can bond with oxygen 
to form oxyhemoglobm. This “loading” reaction occurs m the capillaries 
of the lungs. The dissoctation of oxvhemoglobin, or “unloading” reaction, 
occurs m the ussue capillaries. The bond strength between hemoglobin 
and oxygen, and thus the extent of the unloadmg reaction, ts adjusted by 
various factors to ensure an adequate delivery of oxygen to the ussues. 


If the lungs are functioning properly, blood leaving in the 
pulmonary veins and traveling in the systemic arteries has a 
Po, of about LOO mmHg, indicating a plasma oxygen con- 
centration of about 0.3 ml Q2 per 100 ml blood. The total 
oxygen content of the blood, however, cannot be derived 
from knowing only the Po, of plasma. The total oxygen con- 
tent depends not only on the Po, but also on the hemoglo- 
bin concentration. If the Po, and hemoglobin concentration 


Peripheral chemoreceptors are stimulated by 
decreased blood pH independent of the 


Low blood Po, (hypoxemia) augments the 
chemoreceptor response to blood Peo, an 


with four molecules of oxygen. Since 
there are about 280 million hemoglobin 
molecules per_red blood cell, each red 


blood cell can carry over a billion mole- 
cules of oxygen. 

Normal heme contains iron in the 
reduced form (Fe**, or ferrous iron). In 
this form, the iron can share electrons 
and bond with oxygen to form oxyhe- 
moglobin. When oxyhemoglobin disso- 


ciates to release oxygen to the tissues, 
the heme iron is still in the reduced 
(Fe**) form and the hemoglobin is called 
deoxyhemoglobin, or reduced hemoglobin. The term oxy- 
hemoglobin is thus not equivalent to oxidized hemoglobin; 
hemoglobin does not lose an electron (and become oxidized) 
when it combines with oxygen. Oxidized hemoglobin, or 
methemoglobin, has iron in the oxidized (Fe***, or ferric) 
state. Methemoglobin thus lacks the electron it needs to 
form a bond with oxygen and cannot participate in oxygen 
transport. Blood normally contains only.a small amount of 
methemoglobin, but certain drugs can increase this amount. 


Plasma Whole blood 


: Gas tank 
are normal, arterial blood contains about 20 ml of O2 per p ioteents = 
P = (os 
100 ml of blood (fig. 24.33). . oe (Speers 
Sims/Scnenk 
hi / ih . O, content: 03 mI OQ, |} 200m oO, 
emoglobin “oom | TeD i 


Most of the oxygen in the blood is contained within the red 
blood cells, where it is chemically bonded to hemoglobin. 
Each hemoglobin molecule consists of (1) a protein globin 
part, composed of four polypeptide chains and (2) four 
nitrogen-containing, disc-shaped organic pigment molecules 
called hemes (fig. 24.34). 
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FIGURE 24.33 

Plasma and whole blood that are brought into equilibrium with 
the same gas mixture have the same Po, and thus the same 
amount of dissolved oxygen molecules (shown as black dots). The 
oxygen content of whole blood, however, is much higher than 
that of plasma because of the binding of oxygen to hemoglobin. 
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FIGURE 24.34 


An illustration (a) of the three dimensiona! structure of 
o beta polypeptide 


hemoglobin in which the two alpha and tw: 
chains are shown. The heme groups are represented as flat 
structures with spheres in tne centers to indicate the iron atoms. 


(b) The chemical structure of heme. 


In carboxyhemoglobin, another abnormal form of he- 
moglobin, the reduced heme ts combined with carbon monox- 
ide instead of oxygen. Since the bond with carbon monoxide 
is about 210 times stronger than the bond with oxygen, ear- 
lace oxygen in hemoglobin and 


bon monoxide tends to disp 
passes through 


remains attached to hemoglobin as the blood 


systemic capillaries. The transport of oxygen to the tissues ts 


thus reduced in carbon monoxide poisoning. 

ding to federal standards, the percentage of 
*hemoglobin in the blood of active 

iokers should not be higher than 1.5% 

concentrations of 3% in nonsmokers and 

reported in some cines Although 


However 

10% in smokers have been 
sls may not cause Immediate pr blems in 
n health are 


these high le 


healthy people. long-term adve 


se effects 


possible Pecple with respirato 


carboxyhemoglobin on oxygen transport 


Hemoglobin Concentration The oxygen-carrying capacity 
of whole blood is determined by the concentration of normal 
blood. If the hemoglobin concentration 
a condition called anemia—the oxygen 
ed below normal. Con- 
ration is increased to 


olycythemia (high 


hemoglobin in the 
is below normal— 
concentration of the blood 1s reduc 
versely, when the hemoglobin concent 
above the normal range—as occurs In Pp 
red blood cell count) —the oxygen carrying Capacity of blood 


is increased accordingly. This can occur as an adaptation to 


life ata high altitude. 

The production of hemoglobin and red blood cells in 
bone marrow 1s controlled by a hormone called erythropoi- 
-e'tin), produced primarily hy the kidneys 
20). The production of erythropor- 
lood cells—ts stimulated 


etin (2-rith “ro-poi 
(as described in chapter 
etin—and the production of red b 
when the amount of oxygen delivered to the kidneys and 
other organs is lower than normal. Red blood cell production 
is also promoted by androgens, which explains why the he- 
moglobin concentration in men averages 1-2 g per 100 ml 


higher than in women. 


The Loading and Unloading Reactions Deoxyhemoglo- 
bin and oxygen combine to form oxyhemoglobin; this is 
called the loading reaction. Oxyhemoglobin, in turn, dis- 
sociates to yield deoxyhemoglobin and free oxygen mole- 
cules: this is the unloading reaction. The loading reaction 
occurs in the lungs and the unloading reaction occurs in the 
systemic capillartes. 

Loading and unloading can thus be shown as a re- 


versible reaction: 


(lungs) 

a . 
Deoxyhemoglobin + O2 2 Oxyhemoglobin 

(tissues) 


The extent to which the reaction will go in each direction 
depends on two factors: (1) the Po, of the environment and 
(2) the affinity, or bond strength, between hemoglobin and 
oxygen. High Po, drives the equation to the right (favors 
the loading reaction); at the high Po, of the pulmonary cap- 
iHaries, almost all of the deoxyhemoglobin molecules com- 
bine with oxygen. Low Po, in the systemic capillaries drives 
the reaction in the opposite direction to promote unload- 
ing. The extent of this unloading depends on how low the 
Po, values are. 

The affinity (bond strength) berpween hemoglobin and 
oxygen also influences the loading and unloading reacuons. 
A very strong bond would favor loading but inhibit unload- 
ing; a weak bond would hinder loading but improve unload: 
ing. The bond strength between hemoglobin and oxygen ts 
normally strong enough so that 97% of the hemoglobin leav- 


anemia Gk. a, negative, Naima, blood 
erythropoietin: Gk. erythros, red, poiesis, a making 
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Table oh] The relationship between percent oxyhemoglobin saturation and Po, 
(at pH = 7.40 and temperature = 37° C) 


Po, (mmHg) 
Percent oxyhemoglobin saturation 


100 
97 
Arterial 


80 
95 


61 
90 


Tee 


blood 


Wage = 


45 
80 


26 
50 


36 
70 


30 
60 


40 
75 
Venous blood 


5 pal i. 


ing the lungs is in the form of oxyhemoglo- 
bin, yet the bond is sufficiently weak so that 
adequate amounts of oxygen are unloaded 
to sustain aerobic respiration in the tissues. 


Dayhemoglobin Dissociation Curve 


Blood in the systemic arteries, ata Po, of 
100 mmHg, has a percent oxyhemoglobin sat- 
uration of 97% (which means that 97% of 
the hemoglobin is in the form of oxyhemo- 
globin). This blood is delivered to the sys- 
temic capillaries, where oxygen diffuses into 


Percent oxyhemoglobin saturation 


the tissue cells and is consumed in aerobic 0 
respiration. Blood leaving in the systemic 

veins is thus reduced in oxygen; it has a Po, 

of about 40 mmHg and a percent oxyhemoglobin saturation 
of about 75% (table 24.7). In other words, blood entering 
the tissues contains 20 ml QO» per 100 ml blood, while blood 
leaving the tissues contains 15.5 ml OQ; per 100 ml blood 
(fig. 24.35). Thus, 22%, or 4.5 ml of O2 out of 20 ml QO) per 
100 ml blood, is unloaded to the tissues. 

The oxyhemoglobin dissociation curve (fig. 24.35) 
graphically describes the percent oxyhemoglobin saturation 
at different values of Po,. The values in this graph are ob- 
tained by subjecting samples of blood in vitro (outside the 
body) to different partial O2 pressures. The percent oxyhe- 
moglobin saturations obtained by this procedure, however, 
can be used to predict what the unloading percentages would 
be in vivo (within the body) with given differences in arte- 
rial and venous Po, values. 

4.35 shows the difference between the arte- 
©, and the percent oxyhemoglobin satu- 
ount of oxyhemoglobin 


Figure 2 
rial and venous Po, 
ration at rest. The relatively large am 
remaining in the venous blow yd at rest funct 


reserve. Ifa person stops breathing, there will be a sufficient 


lood to keep the brain and heart 


tons as an oxygen 


reserve of oxygen in the b 
alive for approximately 4 to 5 minutes In the 
diopulmonary resuscitation (CPR) techniques. This reserve 
an also be tapped when the tissues: re- 


absence of car- 


supply of oxygen ¢ 
quirements for oxygen are raised, as during exercise. 

The oxyhemoglobin dissociation curve ts S-shaped, or 
curve is relatively flac at high Po, values be- 


sigmoidal. The Mes 
within this range have little effect on 


 ] 
cause changes in Po; 


20 


em 
co 
2a 
Cc — 
SE 
58 
om 
xO 
ot 
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FIGURE 24.35 


The percentage of oxyhemoglobin saturation and the blood 
oxygen content are shown at different values of Po,. Notice that 
there is about a 25% decrease in percent of oxyhemoglobin as the 
blood passes through the tissue from arteries to veins, resulting in 
the unloading of approx:mately 5 ml Oz per 100 ml to the tissues. 


the loading reaction. One would have to ascend as high as 
10,000 feet, for example, before the oxyhemoglobin satura- 
tion of arterial blood would decrease from 97% to 93%. At 
more common elevations, the percent oxyhemoglobin sat- 
uration would not be significantly different from the 97% 
value at sea level. 

Ac the steep part of the sigmoidal curve, however, 
small changes in Po, values produce large ditterences in 
percent oxyhemoglobin saturation. A decrease in venous 
Po, from 40 mmHg to 30 mmHg, as might occur during 
mild exercise, corresponds to a change in percent satura- 
tion from 75% to 58%. Since the arterial percent saturation 
is usually still 97% during exercise, this change in venous 
percent saturation indicates that more O2 has been un- 
loaded to the tissues. The difference between the arterial 
and venous percent saturations indicates the unloading per- 
centage. In the preceding example, 97% — 75% = 22% un- 
loading at rest and 97% — 58% = 39% unloading during 
mild exercise. During heavier exercise, the venous Po, can 
drop to 20 mmHg or less, indicating an unloading percent- 
age in excess of 70%. 
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Amount of O, unloaded to tissues 
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Table o4.8 Effect of pH on hemoglobi 
_and unloading ofoxygentothetissues = aes Ps 


Effects of pi and Temperature on 
Snygen Transport 


In addition to changes in Po,, the loading and 
unloading reactions are influenced by changes 
in the bond strength, or affinity, of hemoglobin 
for oxygen. The net effect of such changes ts that 
active skeletal muscles, as a result of their higher 
metabolism, receive more oxygen from the blood 
than they do ar rest. 

The affinity of oxygen for hemoglobin is 
decreased when the pH is lowered and increased 
when the pH is raised. This phenomenon is 
called the Bohr effect. When the affinity of he- 
moglobin for oxygen is reduced, there is slightly 
less loading of the blood with oxygen in the 
lungs but greater unloading of oxygen in the tis- 
sues. The net effect is that the tissues receive 
more oxygen when the blood pH is lowered 
(table 24.8). Since the pH can be decreased by 
carbon dioxide (through the formation of car- 
bonic acid), the Bohr effect helps to provide 
more oxygen to the tissues when their carbon 
dioxide output (and metabolism) is increased. 


When the percent oxyhemoglobin saturation at dif- 
ferent pH values is graphed as a function of Po,, the dis- 
sociation curve is shown to be shifted to the right by a 
loweriny of pH and shifted to the left by a rise in pH (fig. 
24.36). If the unloading percentage is calculated by sub- 
tracting the percent oxyhemoglobin saturation at given 
Po, values for arterial and venous blood, it will be clear 
that a shift to the right of the curve indicates a greater oxy- 
gen unloading, whereas a shift to the left indicates less un- 
loading but slightly more oxygen loading in the lungs. 

When oxyhemoglobin dissociation curves are con- 
structed at constant pH values but at different tempera- 
tures, it can be seen that the affinity of hemoglobin for 


Bohr effect: From Christian Bohr, Danish physiologist, 1855-1911 
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FIGURE 24.36 
A decrease tn bleed pH (an increase in H* cancentration) decreases the affinity 
of hemoglobin for axygen at each Po, value, resulting ina “shift to the right” of 
the oxyhemoglcbin dissociation curve. A curve that is shifted to the right has a 
lower percentage of oxyhemoglobin saturation at each Po,, but the effect is 
more marked at lower Po, values. This is called the Bohr effect. 


oxygen is decreased by a rise in temperature. An increase in 
temperature weakens the bond between hemoglobin and 
oxygen and thus has the same effect as a fall in pH—the 
oxyhemoglobin dissociation curve is shifted to the right. 
At higher temperatures, therefore, more oxygen is unloaded 
to the tissues than would be the case if the bond strength 
were constant. This effect can significantly increase the 
delivery of O) to muscles that are warmed during exercise. 


Effects ofc, J-DPG on Daygen Transport 


Mature red blood cells lack both nuclei and mitochondria. 
Without mitochondria they cannot respire aerobically. The 
very cells that carry oxygen, therefore, are the only cells in 
the body that cannot use it! Red blood cells must obtain en- 
ergy through the anaerobic respiration of glucose. Ata 
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certain point in the glycolytic pathway there is a “side re- 
action” in red blood cells that results in a unique product— 
2,3-diphosphoglyceric acid (2,3-DPG). 


The enzyme that produces 2,3-DPG is inhibited by 
oxyhemoglobin. \W 


hen the oxyhemoglobin concentration 
is decreased, therefore, the production of 2,3-DPG is in- 
creased. This increase in 2,3-DPG production can occur 
when the total hemoglobin concentr 


ation ts low (in ane- 
mia) or when the Py, is | 


ow (ata high altitude, for example). 
The bonding of 2,3-DPG with deoxyhemoglobin, makes the 
deoxyhemoglobin more stable. At the Po, values in the tis- 
sue capillaries, therefore, a higher proportion of the oxyhe- 
moglobin will be converted to deoxyhemoglobin by the 
unloading of its oxygen. An increased concentration of 2,3- 
DPG in red blood cells thus increases oxygen unloading and 


shifts the oxyhemoglobin dissociation curve to the right. 


= The importance of 2,3-DPG within red blood cells is 
\ now recognized 1n blood banking. Old, stored red 
blood cells can lose their ability to produce 2,3-DPG 
as they lose their ability to metabolize glucose. 
Modern techniques for blood storage include the addition of 
energy substrates for respiration and phosphate sources 
needed for the production of 2,3-DPG. 


The effects of 2,3-DPG are also important in the trans- 
fer of oxygen from maternal fo fetal blood. The mother’s he- 
moglobin molecules are composed of two alpha and two beta 
chains, as previously described, whereas the fetal hemoglobin 
contains two alpha and two gamma chains in place of beta 
chains (gamma chains differ from beta chains in 37 of their 
amino acids). Normal adult hemoglobin in the mother (he- 
moglobin A) is able to bind to 2,3- DPG. Fetal hemoglobin 
(hemoglobin F), by contrast, cannot bond to 2,3-DPG, and 
thus has a higher affinity for oxygen ata given Po, than does 
hemoglobin A. Since hemoglobin F can have a higher per- 
cent oxyhemoglobin saturation than hemoglobin A ata given 
Po., oxygen is transferred from the maternal to the fetal blood 


as these two come into close proximity in the placenta. 


Carbon Dionide Iransport 


and Acid-Base Balance 


Carbon dwxtde ts transported in the blood primarily m the form of 
bicarbonate (HCO.-). which ts released when carbonic acid 
dissoctates. Bicarbonate can buffer H*, and thus helps to mamtam a 
normal arterial pH. Hypoventilation raises the carbonic acid 
concentration of the bloud, whereas hyperventilation lowers 1 


Carbon dioxide is carried by the blood in three forms: (1) as 
dissolved carbon dioxide—CO; 1s about 21 times more soluble 
than oxygen in water, and about one-tenth of the total blood 
CO); is dissolved in plasma; (2) as carbaminohemoglobin— 


about one-fifth of the total blood CQ) is carried attached to 
an amino acid in hemoglobin (carbaminohemoglobin should 
not be confused with carboxyhemoglobin, the latter being a 
combination of hemoglobin and carbon monoxide); and (3) 
as bicarbonate, which accounts for most of the CO) carried 
by the blood. 

Carbon dioxide ts able to combine with water to form 
carbonic acid. This reaction occurs spontaneously in the 
plasma ata slow rate but occurs much more rapidly within 
the red blood cells due to the catalytic action of the enzyme 
carbonic anhydrase. Since this enzyme is contined to the 
red blood cells, most of the carbonic acid is produced there 
rather than in the plasma. The formation of carbonic acid 
from CO) and water is favored by the high Peo, found in 
tissue capillaries. 


CO: +H,0 carbonic anhydrase HCO; 


high Poo, 


The Chloride Shift 


As a result of catalysis by carbonic anhydrase within the red 
blood cells, large amounts of carbonic acid are produced as 
blood passes through the systemic capillaries. The buildup of 
carbonic acid concentrations within the red blood cells fa- 
vors the dissociation of these molecules into hydrogen ions 
(protons, which contribute to the acidity of a solution) and 
HCO;7 (bicarbonate). The equation describing this reac- 
tion has been previously introduced (see chapter 2) and is 
shown in figure 24.37. 

The hydrogen ions released by the dissociation of car- 
bonic acid are largely buffered by their combination with de- 
oxyhemoglobin within the red blood cells. Although the 
unbuffered hydrogen ions are free to diffuse out of the red blood 
cells, more bicarbonate diffuses outward into the plasma than 
does H*. Asa result of the trapping of hydrogen ions within the 
red blood cells by their attachment to hemoglobin and the 
outward diffusion of bicarbonate, the inside of the red blood 
cell gains a net positive charge. As a result, negatively charged 
chloride tons (Cl-) move into the red blood cells as HCO; 
moves out. This exchange of anions as blood travels through 
the tissue capillaries 1s called the chloride shift (fig. 24.37). 

The ability of the blood to transport carbon dioxide 
is affected by the transport of oxygen. The unloading of 
oxygen ts increased by the bonding of H*, with oxyhemo- 
globin. This is the Bohr effect, and results in increased con- 
version of oxyhemoglobin to deoxyhemoglobin. Now, since 
deoxyhemoglobin bonds H* more strongly than does oxy- 
hemoglobin, the act of unloading its oxygen improves the 
ability of hemoglobin to buffer the H* released by carbonic 
acid. Removal of H* from solution by combining with he- 
moglobin (through the law of mass action), in turn, favors 
the continued production of carbonic acid, and thus im- 
proves the ability of the blood to transport carbon dioxide. 
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CO, dissolved 
in plasma (10%) 


CO, combined with 


hemoglobin to form CO, + H20 fee 
carbaminohemoglobin HCO, —= H* + HCO.- 
= 120%) ave 3" % CO; 


H* combines 
with hemoglobin 


Red blood cells 


cr 
Chloride shift 


FIGURE 24.37 

An illustration of carbon dioxide transport by the blood and 

the “chloride shift.” Carbon diomide is transported in three 
forms: as dissolved CO; gas, attached to hemoglobin as 
carbaminohemoglobin, and as carbonic acid and bicarbonate. 
Percentages indicate the proportion of CO 1n each of the forms. 


When blood reaches the pulmonary capillaries, de- 
oxyhemoglobin is converted to oxyhemoglobin. Since 
oxyhemoglobin has a lower affinity for H* than does de- 
oxyhemoglobin, hydrogen ions are released within the red 
blood cells. This attracts HCO; from the plasma, which 
combines with H* to form carbonic acid: 


H* + HCO;; ———> HCO; 


Under conditions of lower Pco,, as occurs in the pul- 
monary capillaries, carbonic anhydrase catalyzes the con- 
version of carbonic acid to CO; and water: 


H:CO; carbonic anhydrase CO, + H,0 


low Py ‘Oy 


In summary, the carbon dioxide produced by the tissue 
cells is converted within the systemic capillaries, mostly 
through the action of carbonic anhydrase in the red blood 
cells, to carbonic acid. With the buildup of carbonic acid con- 
centrations in the RBCs, the carbonic acid dissociates into bi- 
carbonate and H*, which results in the chloride shift. A reverse 
chloride shift operates in the pulmonary capillanes to convert 
carbonic acid to HiO and CO) gas, which ts eliminated in the 
expired breath (fig. 24.35). The Poo, carbonic acid, H*, and 
bicarbonate concentrations in the systemic arteries are thus 
maintained relatively constant by normal ventilation. 


CO, dissolved 
in plasma 


Red blood cell 


Hemoglobin + CO, 


Carbaminohemoglobin 


CO, + H,0 -— H,CO; 


HCO,” + Ht—= H,CO, 


From pulmonary artery ———————> To pulmonary vein 


FIGURE 24.38 

Carbon dioxide is released from the blood as it travels through 
the pulmonary capillaries. During this time a “reverse chloride 
shift” occurs, and carbonic acid is transformed into CO; and H:0. 


Ventilation and Acid-Base Balance 


Normal systemic arterial blood has a pH of 7.40 10.05. Using 
the definition of pH described in chapter 2, this means that 
arterial blood has a H* concentration of about 10794 molar. 
Some of these hydrogen ions are derived from carbonic acid 
and some are derived from nonvolatile metabolic acids (fatty 
acids, ketone bodies, lactic acid, and others) that cannot be 
eliminated in the expired breath. 

Under normal conditions, the hydrogen ions released 
by metabolic acids do not affect blood pH because they com- 
bine with buffers and are thereby removed from solution. 
The buffers of the blood include hemoglobin within the red 
blood cells (as previously described) and proteins and bi- 
carbonate within the plasma. These buffers, however, would 
eventually become saturated if the body were a closed system 
that could not eliminate acids. The elimination of acids from 
the body is accomplished by the lungs, through exhalation of 
carbon dioxide, and by the kidneys, through excretion of 
H* in the urine (see chapter 25). 

Bicarbonate ty the major buffer in the plasma and acts to 
maintain a blood pH of 7.4 despite the constant production 
of nonvolatile metabolic acids by the tissues. In this buffer: 
IN” process, some of the | ICO. released from the red blood 
celly during the chloride shift is converted into HeCO, in 
the plasma. Normally, however, there is sulla buffer reserve 
of free bicarbonate that can help protect against unusually 
large additions of metabolic acids to the blood. These 
processes are illustrated in figure 24.39. 
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+ — >~ eee er 


e balance 


Increased production of “nonvolatile” acids, such as lactic acid, fatty acids, and ketone bodi 
Of blood bicarbonate (such as by diarrhea) resulting in a fall in blood pH to below mn 


A ont " blond Be due to loss of CO2 and carbonic acid (through pedal 


Capillary 


Red blood cells 


Metabolic acid ———» Anion + H* + HCO; ——> 
Bicarbonate 
buffer 


FIGURE 24.39 


Bicarbonate released into the plasma from red blood cells functions 
to buffer H* produced by the ionization of metabolic acids (lactic 
acid, fatty acids, ketone bodies, and others). 


Normal plasma, therefore, contains free bicarbonate, 
carbomic acid, and H* concentrations indicated by a pH of 
7.4, If the H* concentration of the blood should ill, the 
carbonic acid produced by the buffering reaction could dis- 
sociate and serve as a source of additional H’. If the H* con- 
centration should rise, bicarbonate could remove this excess 
H?* from solution. Carbonic acid and bicarbonate are thus 
said ta function as a buffer pair. 


Acidosis and Alkalosis A fall in 
blood pH to below 7.35 is called 
acidosis because the pH is to the 
acid side of normal. Acidosis does 
not indicate that the blood is 
acidic (pH of less than 7); a blood 
pH of 7.2, for example, represents 
serious acidosis. Similarly, a rise in 
blood pH to above 7.45 is known 
as alkalosis. There are two com- 
ponents to acid-base balance: res- 
piratory and metabolic. Respiratory 
acidosis and alkalosis are due to 
abnormal concentrations of car- 
bonic acid as a result of abnormal 
ventilation. Metabolic acidosis 
and alkalosis result from abnormal 
amounts of H* derived from pnon- 
volatile metabolic acids (table 
24.9). 

Ventilation is normally ad- 
justed to keep pace with the meta- 
bolic rate. Hypoventilation, as 
previously described, produces an 
abnormally high arterial Poo,. This hypercapnia lowers the 
arterial blood pH and respiratory acidosis occurs. In hyper- 
ventilation, conversely, the arterial Poo, decreases, causing 
less formation of carbonic acid than under normal condi- 
tions. The depletion of carbonic acid raises the pH, and res- 
piratory alkalosis occurs. 

Metabolic acidosis can occur when the production of 
nonvolatile acids is abnormally increased. In uncontrolled 
diabetes mellitus, tor example, ketone bodies (derived from 
fatty acids) may accumulate and produce ketoacidosts. In 
order for metabolic acidosis to occur, however, the buffer 
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reserve of bicarbonate must first be depleted (this is why 
metabolic acidosis can also be produced by the excessive 
loss of bicarbonate, as in diarrhea). Unul the buffer reserve 
is depleted, the pH remains normal—ketosis can occur, for 
example, without ketoacidosis. Metabolic alkalosis, a less 
common condition than metabolic acidosis, can result from 
loss of acidic gastric juice through vomiting or from excessive 
intake of bicarbonate (from stomach antacids or from an in- 
travenous solution). 


Compensations for Acidosis and Alkalosis A change in 
blood pH, produced by alterations in either the respiratory or 
metabolic component of acid-base balance, can be partially 
compensated for by a change in the other component. Meta- 
bolic acidosis, for example, sumulates hyperventilation (be- 
cause the aortic and carotid bodies are sensitive to blood 
H*) and thus causes a secondary respiratory alkalosis to be 
produced. The person is still acidotic, but not as much so as 
would be the case without the compensation. People with 
partially compensated metabolic acidosis would thus have 
a low pH, which would be accompanied by a low blood Peo, 
as a result of the hyperventilation. Metabolic alkalosis, sim- 
ilarly, is partially compensated for by the retention of car- 
bonic acid due to hypoventilation (table 24.10). 

A person with respiratory acidosis would have a low pH 
and a high blood Peo, due to hypoventilation. This condition 
can he partially compensated for by the kidneys, which help 
to regulate the blood bicarbonate concentration. In short, 
two organs regulate blood acid-base balance: the lungs (reg- 


ulating the respiratory component) and the kidneys (regu- 
lating the metabolic component). The role of the kidneys in 
acid-base balance is discussed in more derail in chapter 25. 


Effects of Exercise and High 


on Respiratory Function 


Changes m ventilation and oxygen delivery occur durmg exercise and 
during acclimauzauon to high alutudes. These changes help to 
compensate for the mcreased metabolic rate during exercise and for the 


decreased arterial P,, at high altitudes. 


Ventilation during Exercise 


As soon as a person begins exercise, the rate and depth of 


breathing increase to produce a total minute volume that is 
many times the resting value. This increased ventilation, 
particularly in well-trained athletes, ty exquisitely matched 
to the simultaneous increase in oxygen consumption and 
carbon dioxide production by the exercising muscles. The 
arterial blood Po,, Poo,, and pH thus remain remarkably 
constant as exercise continues (fig. 24.40). 


It is tempting to suppose that ventilation increases dur- 
ing exercise as a result of the increased carbon dioxide pro- 
duction by the exercising muscles. Ventilation increases 
together with increased carbon dioxide pri duction, how- 
ever, so that blood measurements of Pco, during exercise 
are not significantly higher than at rest. The mechanisms 
responsible for the increased ventilation during exercise 
must therefore be more complex. 

Both neurogenic mechanisms and chemical (humoral) mech- 
anisms have been proposed to explain the increased venula- 
tion that occurs during exercise. Possible neurogenic 
mechanisms include the following: (1) sensory nerve activ- 
ity from the exercising limbs may stimulate the respiratory 
muscles, either through spinal reflexes or via the brain stem 
respiratory centers and/or (2) input from the cerebral cortex 
may stimulate the brain stem centers to modify ventilation. 
These neurogenic theories help to explain the immediate in- 
crease in ventilation that occurs at the beginning of exercise. 

Rapid and deep ventilation continues after exercise has 
stopped, suggesting that chemical factors in the blood may 
also srmulare ventilation during exercise. Since the Po,, Poo,, 
and pH of the blood samples from exercising subjects are 
within the resting range, these chemical theories propose that 
(1) the Poo, and pH in the region of the chemoreceptors may 
be different from these values “downstream” where blood sam- 
ples are taken and/or (2) cyclic variations in these values that 
cannot be detected by blood samples stimulate the chemore- 
ceptors. The evidence suggests that both neurogenic and 
chemical mechanisms are involved in the hyperpnea 
(hi “perp ‘ne-i), or increased ventilation, that accompanies ex- 
ercise. (Note that hyperpnea differs from hyperventilation in 
that the blood Poo, remains in the normal range during hy- 
perpnea but is decreased in hyperventilation.) 


Anaerobic Threshold and Endurance Training § Ac the be- 
ginning of exercise, the ability of the cardiopulmonary sys- 
tem to deliver adequate amounts of oxygen to the exercising 
muscles may be insufficient because of the time lag required 
to make proper cardiovascular adjustments. During this ume, 
therefore, the muscles respire anaerobically and a “stitch in 
the side"—probably due to hypoxia of the diaphragm—may 
develop. After the cardiovascular adjustments have been 
made, a person may experience a “second wind” when the 
muscles receive sufficient oxygen tor their needs. 
Continued heavy exercise can cause a person to reach 
the anaerobic threshold, which is the maximum rate of Oxy- 
gen consumption that can be attained before blood lactic 
acid levels rise as a result of anaerobic respiration. This oc- 
curs When 50% to 60% of the person's maximal oxygen up- 
take has been reached. The rise in lactic acid levels is due to 
the aerobic Limitations of the muscles; it is not due to a mal- 
function of the cardiopulmonary system. Indeed, the arte 
rial oxygen hemoglobin saturation remains at 97% and 
venous blood draining the muscles contains unused oxygen. 
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The effect of moderate and heavy exercise on arterial blood 

gases and pH. Notice that there are no consistent and significant 
- sti > .. 

in these measurements during the first several minutes 


changes 
cise and that only the Peo, changes 


of moderate and heavy exerc 
es) during more prolonged exercise. 


(actually decreas 


The rise in blood lactic acid that occurs hen the 
is exceeded ts due to the inability of the 
ven Consumption fate 


anaerobic threshold 
exercising muscles to increase their oxy 


sufficiently to prevent anacrobic respiration, The anaerobic 


threshold, howeve 


ris higher in endurance-trained athletes 
than it is in other people. Endurance training increases the 


skeletal muscle content with respect to myoglobin, mito- 
chondria, and Krebs cycle enzymes. These muscles, there- 
fore, are able to utilize more of the oxygen delivered to them 
by the arterial blood. Ata given level of exercise, conse- 
quently, the venous blood that drains from muscles in en- 
durance-trained people contains a lower percentage 
oxyhemoglobin than that in other people. The effects of ex- 
ercise and endurance training on respiratory function are 
summarized in table 24.11. 


Acchmatization to High Altitude 


When a person who lives near a region near sea level moves 
to a significantly higher elevation, several adjustments in the 
respiratory system must be made to compensate for the de- 
creased atmospheric pressure and Po, at the higher altitude. 
These adjustments include changes in ventilation, in the he- 
moglohin affinity for oxygen, and in the total hemoglobin 
concentration. 

Reterence to table 24.4 indicates that at an altitude of 
8000 feet, for example, the Po, of arterial blood is 74 mmHg, 
as compared to 100 mmHg at sea level. Reference to table 
24.7 indicates that the percent oxyhemoglobin saturation 
decreases from 97% at sea level to about 94% at 74 mmHg. 
The amount of oxygen attached to hemoglobin, and thus 
the coral oxygen content of blood, is decreased. People may, 
however, experience rapid fatigue even at more moderate 
elevations (for example 5000 to 6000 feet) at which the oxy- 
hemoglobin saturation as only slightly decreased. Compen- 
sations made by the respiratory system gradually reduce the 
amount of fatigue caused by a given amount of exertion at 
high altitudes. 


Changes in Ventilation Starting at altitudes as low as 1500m 
(5000 ft), the decreased arterial Po, samulates an increase in 
ventilation. This as called a hypovte venalatory response. This 
response produces hyperventilation, which lowers the arterial 
Poo, and thus produces a respiratory alkalosis. The rise in ar- 
terial pH then helps to blunt the hyperventilation, which be- 
comes stabilized atter a few days at abour 2-3 L per minute 
more than the total minute volume at sea level. 
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Change Comments 
Increased 
No change 
production. 
to muscles Increased 


Increased Incre 


Hyperventilation at high altitude increases tidal vol- 
ume, thus reducing the proportionate contribution of air from 
the anatomical dead space and increasing the proportion of 
fresh air brought to the alveoh. This improves the oxygena- 
tion of the blood over what it would be in the absence of the 
hyperventilation. Hyperventilation, however, cannot in- 
crease blood Po, above that of the inspired air. The Po, of 
arterial blood decreases with increasing altitude, regardless 
of the ventilation. In the Peruvian Andes, for example, the 
normal arterial Po, ts reduced from 100 mmHg (at sea level) 
to 45 mmHg. The loading of hemoglobin with oxygen is 
therefore incomplete, producing an oxyhemoglobin satura- 
tion that is decreased from 97% (at sea level) to 81%. 
Normal arterial blood at 


Hemoglobin Affinity for Oxygen 
sea level only unloads about 22% of its oxygen to the tissues 
at rest; the percent saturation ts reduced from 97% in arterial 
blood to 75% in venous blood. As a partial compensation for 
the decrease in oxygen content at high altitude, the affinity of 
hemoglobin for oxygen is reduced, so that a higher propor- 
tion of oxygen is unloaded. This occurs because the low oxy- 
hemoglobin content of red blood cells stimulates the 
production of 2,3-DPG, which in turn decreases the hemo- 
vlobin affinity for oxygen. 

Ac very high altitudes, however, the story becomes more 
complex. In a 1984 study by J. B. West, the very low arterial 
Po, (28 mmHy) of subjects at the summit of Mount Everest 
stimulated intense hyperventilation, so that the arterial Poo, 
was decreased to 7.5 mmHg. The resultant respiratory alka- 
losts (the arterial pH was greater than 7.7) caused a shift to 
the left of the oxyhemoglobin dissociation curve (indicating 
preater affinity of hemoglobin tor oxygen) despite the an- 
tagonistic effects of increased 2,3-DPG concentrations. It 
was suggested that the increased affinity of hemoglobin for 
oxygen caused by the respiratory alkalosis may have been 


Blood-gas measurements during light, moderate, and heavy exercise show little change 
because ventilation is increased to match increased muscle 02 consumption and CO. 


Although the total 02 content and Po, do not increase during exercise, there is an increased 
rate of blood flow to the exercising muscles. 


ased 02 consumption lowers the tissue Po, and lowers 


due to the effec 


Table 04.11 Changes in respiratory function during exercise 


= 


5 
a 


This is not hyperventilation because ventilation is matched to increased metabolicrate = 
Mechanisms responsible for increased ventilation are not well understood. 


the affinity of hemoglobin fo: 
| resuit, iS Nal 


nloaded s 


emperatur 


n 
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beneficial at such a high altitude, since it increased the load- 
ing of hemoglobin with oxygen in the lungs. 


Increased Hemoglobin and Red Blood Cell Production !n 
response to tissue hypoxia, the kidneys secrete the hormone 
erythropoietin. Erythropoietin stimulates the bone marrow to 
increase its production of hemoglobin and red blood cells. 
In the Peruvian Andes, for example, people have a total 
hemoglobin concentration of 19.8 g per 100 ml, as compared 
to 15 g per 100 ml at sea level. Although the percent 
oxyhemoglobin saturation is still lower than at sea level, the 
total oxygen content of the blood is actually greater— 
22.4 ml O, per 100 ml compared to a sea level value of about 
20 ml ©; per 100 ml. These adjustments of the respiratory 
system to high altitude are summarized in table 24.12. It 
should be noted that they are not unalloyed benefits. Poly- 
cythemia (high red blood cell count) increases the viscosity 
of blood, and pulmonary hypertension, which is more com- 
mon at high altitude, can cause accompanying edema and 
ventricular hypertrophy, which may lead to heart failure. 


who arrive at altitudes in excess of 5000 feet. Cardinal 
symptoms of AMS are headache, malaise, anorexia, 
nausea, and fragmented sleep. Headache is the most 
common symptom and may result from changes 1n blood flow 
to the brain. Low artenal P- 
in the pia matter, increasing blood flow and pressure within the 
skull. The hypocapma produced by hyperventilation, however 
causes cerebral vasoconstriction. The balance between these 
two antagonistic effects is vanable. Pulmonary edema 1s 
common ataltttudes above 9000 feet and can produce 


\ Acute Mountain Sickness (AMS) is common in people 


—] 


stimulates vasodilation of vessels 


i) 


shortness of breath, coughing, and a mild fever. Cerebral 
edema generally occurs above an altitude of 10,000 feet and 
can produce mental confusion and even hallucination 
Pulmonary and cerebral edema are potentially dangerous 
and can be alleviated by descent to a lower altitude. 


Downloaded from Durr-e-Danish Library 


ET ree 


Embryological Developm 


The formation of the 
nasal cavity begins at 3% 
to 4 weeks of embryonic lite. A region of 
thickened ectoderm called the olfactory 
placode appears on the front and inferior 
part of the head (fig. 1). The placode 
invaginates to form the olfactory pit, 
which extends posteriorly to connect 
with the foregut. The foregut, derived of 
endoderm, later develops into the 
pharynx. 

The mouth, or oral cavity, develops at 
the same time as the nasal cavity, and for 
a short time there is a thin oronasal 
(or o-na zal) membrane separating the 
two Cavities. This membrane ruptures 
during the seventh week, and a single, 


(a) 


large oronasal cavity forms. Shortly 
thereatler, tissue plates of mesoderm 
begin to grow horizontally across the 
cavity. At approximately the same time, 
a vertical plate develops interiorly trom 
the roof of the nasal cavity, These plates 
have completed their formation by 3 
months of development. The vertical 
plate forms the nasal septum, and the 
horizontal plates form the hard palate. A 
clett palate torms when the horizontal 
plates tail to meet in the midline. 

The respiratory system begins to form 
during the fourth week of development 
as a diverticulum (di “ver-uk yit-lum), or 
outpouching, called the laryngotracheal 
(i-ring “go-tra ‘ke-al) bud, trom the 


(b,) 


Neuroectoderm 


ent of the Respiratory System 


ee 


ventral surface of endoderm along the 
lower pharyngeal region. As the bud 
grows, the proximal portion forms the 
trachea and the distal portion bifurcates 
(splits) into a right and lett bronchus 
The buds continue to elongate and 
split until all the tubular network within 
the lower respiratory tract is formed. As 
the terminal portion torms air sacs, 
called alveoli, at about & weeks ot 
development, the supporting lung tissue 
begins to form. The Complete structure 
of the lungs, however, is not fully 
developed until about 26 weeks of fetal 
development, so premature infants born 
prior to this time require special artificial 
respiratory equipment to live. 


(b2) 


Olfactory. u S 


Nasal nerve 

cavity fibers 

Nostril Primary ——— ' 
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membrane 
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FIGURE 1 deflected) 


The development of the upper 
respiratory system. (a) An anterior ‘ 
view of the developing head cf an Secondary palate 


embryo at 4 weeks showing the =N\ 


position cf a sagittal cut depicted at 


Topas Oral cavity 


Oropharynx 


different stages of development (D3) 


Waldrop 
(b)-b,) through 14 weeks. 
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Table o4 le Changes in respiratory function during acclimatization to high altitude 


Variable Change = Comments _ 

n — — 

Partial pressure of O2 Decreased Due to decreased total atmospheric pressure er | 

_ Percent oxyhemoglobin saturation Decreased Due to lower Po, in pulmonary capillaries j 

_ Ventilation Increased Due to low arterial Po,; ventilation usually returns to normal after a few days” ) 
)tal hemoglobin Increased Due to stimulation by erythropoietin; raises 02 capacity of blood to partially or 


Clinical Considerations 


Developmental Problems 


Birth defects, inherited disorders, and premature births com- 
monly cause problems in the respiratory system of infants. A 
cleft palate ts a developmental deformity of the hard palate of 
the mouth in which an opening persists between the oral 
and nasal cavities, making it difficult, if not impossible, for an 
infant to nurse. A cleft palate may be hereditary or a com- 
plication of some disease (e.g., German measles) contracted 
by the mother during pregnancy. A cleft lip is a genetically 
based developmental disorder in which the two sides of the 
upper lip fail to fuse. Cleft palates and cleft lips can be treated 
very effectively with cosmetic surgery. 

Cystic fibrosis is the most common fatal inheritable 
disorder among Caucasians. Approximately 1 out of 20 
whites are carriers, and [in 2000 children inherit the dis- 
ease. The defective gene reduces the ability of epithelial 
cells to actively transport Cl, causing the production of a 
very thick, sticky mucus that blocks the airways of the lungs. 
It also affects the liver and other organs in potentially life- 


threatening ways. 


Sichle-Lell Anema and Thalassemia 


A number of hemoglobin diseases are produced by inher- 
ired (congenital) defects in the protein part of hemoglobin. 
Sickle-cell anemia—a disease carried in a recessive state hy 
8% to 11% of the black population of the United States—tor 
example, is caused by an abnormal form of hemoglobin 
called hemoglobin S. Hemoglobin S differs trom normal he- 
moglobin A in only one amino acid: valine is substituted 
for glutamic acid in position 6 on the beta chains. This 
amino acid substitution ts caused by a single base change in 
the region of DNA that codes for the beta chains. 


completely compensate for the reduced partial pressure : 


Under conditions of low blood Po,, hemoglobin $ 
comes out of solution and cross-links to form a “paracrys- 
talline gel" within the red blood cells. This causes the char- 
acteristic sickle shape of red blood cells and makes them less 
flexible and more fragile. The decreased solubility of hemo- 
globin S in solutions of low Po, 1s used to diagnose sickle- 
cell anemia and sickle-cell trait (the carrier state, in which a 
person has genes for both hemoglobin A and hemoglobin S). 

Thalassemia (thal “a-se ‘me-d), is any of a family of he- 
moglobin diseases found predominantly among people of 
Mediterranean ancestry. In alpha thalassemia, there is de- 
creased synthesis of the alpha chains of hemoglobin, whereas 
in beta thalassemia the synthesis of the beta chains is impaired. 
One of the compensations for thalassemia is increased syn- 
thesis of gamma chains, resulting in the retention of large 
amounts of hemoglobin F (fetal hemoglobin) into adulthood. 
Interestingly, a new treatment for sickle-cell disease involves 
the use of erythropoietin, which stimulates red blood cell pro- 
duction, combined with a drug that stimulates the hone mar- 
row to produce hemoglobin F (as in thalassemia). 

Some types of abnormal hemoglobins have been shown 
to be advantageous in the environments in which they 
evolved. Carriers for sickle-cell anemia, for example (who 
therefore have both hemoglobin A and hemoglobin S), are 
more resistant to malaria than are noncarriers. This ts be- 
cause the parasite that causes malaria cannot live in red 
blood cells that contain hemoglobin S. 


Trauma or Iyury 


A collection of air or gas in the pleural cavity that may cause 
the lung to collapse is referred to as a pneumothorax. A 
pneumothorax can result from an external injury, such asa 
stabbing, bullet wound, or penetrating fractured rib, or it 
can occur internally. A severely diseased lung, as in emphy- 


thalassemia Gk. thalassa. sea 
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sema, can create a pneumothorax as the wall of the lung de- 
teriorates and permits air to enter the pleural cavity. 

Choking on a foreign object such as aspirated food is a 
common serious trauma to the respiratory system. Each day 
more than eight Americans choke to death on food lodged 
in their trachea. A simple process termed the abdominal 
thrust (Heimlich) maneuver can save the life of a person 
who ts choking, The technique for performing the abdomi- 
nal thrust maneuver is presented at the end of this chapter 
on page 721. 

Individuals saved from drowning and shock victims 
frequently experience apnea (cessation of breathing) and 
will soon die if not revived by someone performing artifi- 
cial respiration. The accepted treatment for reviving a per- 
son who has stopped breathing is illustrated on page 722. 


Common Respiratory Disorders 


A cough is the most common symptom of respiratory disor- 
ders. Acute problems may be accompanied by dyspnea or 
wheezing. Respiratory or circulatory problems may cause 
cyanosis, which is a blue discoloration of the skin caused 
by blood with a low oxygen content. 

Pulmonary disorders are classified as obstructive when 
there is increased resistance to air flow in the bronchioles; they 
are classified as restrictive when alveolar tissue is damaged. 
Asthma and acute bronchitis are usually just obstructive 
whereas chronic bronchitis and emphysema are both obstruc- 
tive and restrictive. Pulmonary fibrosis, by contrast, is a purely 
restrictive disorder. 


Asthma) The dyspnea, wheezing, and other symptoms of 
asthma are produced by the obstruction of air flow through 
the bronchioles that occurs in episodes or “attacks.” This 
obstruction ts caused by inflammation, mucus secretion, 
and bronchoconstriction. Inflammation of the airways is 
characteristic of asthma and itself contributes to increased 
airway responsiveness to agents that promote broncho- 
constriction. Bronchoconstriction further increases air- 
way resistance and makes breathing difficult. Constric- 
tion of bronchiolar smooth muscles ts stimulated by 
leukotrienes and histamine released by mast cells and 
leukocytes (chapter 23), which can be provoked by an al- 
lergic reaction or by the release of acetylcholine from 
parasympathetic nerve endings. 

Asthma is often treated with glucocorticoid drugs, 
which inhibit inflammation. Epinephrine and related com- 
pounds stimulate beta-adrenergic receptors in the bronchi- 
oles and by this means promote bronchodilation. Therefore, 
epinephrine was used in the past as an inhaled spray to re- 


cyanosis Gk kyanosis, dark-blue color 
asthma’ Gk. asthma, panting 
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lieve the symptons of an asthma attack. It has since been 
learned that there are two subtypes of heta receptors for epi- 
nephrine and that the subtype in the heart (designated 
B))is different from the one in the brochtoles (B2). By uti 
lizing these differences, compounds such as terbutaline have 
been developed that can more selectively stimulate the B2- 
adrenergic receptors and cause bronchodilation, without 
having as great an effect on the heart as does epinephrine. 


Emphysema Alveolar tissue is destroyed in emphysema, 
resulting in fewer but larger alveoli (fig. 24.41). This reduces 
the surface area for gas exchange and decreases the ability of 
the bronchioles to remain open during expiration. Collapse 
of the bronchioles as a result of the compression of the lungs 
during expiration produces air tapping, which further de- 
creases the efficiency of gas exchange in the alveoli. 

Among the different types of emphysema, the most 
common occurs almost exclusively in people who have 
smoked cigarettes heavily over a period of years. A compo- 
nent of cigarette smoke apparently stimulates the 
macrophages and leukocytes to secrete proteolytic (protein- 
digesting) enzymes that destroy lung tissues. A less common 
type of emphysema results from a genetic inability to pro- 
duce a plasma protein called @,-antitrypsin. This protein 
normally inhibits proteolytic enzymes such as trypsin, and 
thus normally protects the lungs against the effects of en- 
zymes that are released from alveolar macrophages. 

Chronic bronchitis and emphysema, the most com- 
mon causes of respiratory failure, are together called chronic 
obstructive pulmonary disease (COPD). In addition to the 
more direct obstructive and restrictive aspects of these con- 
ditions, other pathological changes may occur. These in- 
clude edema, inflammation, hyperplasia (increased cell 
number), zones of pulmonary fibrosis, pneumonia, pulmonary 
emboli (traveling blood clots), and heart failure. Patients 
with severe emphysema may eventually develop cor pul- 
monale—pulmonary hypertension with hypertrophy and the 
eventual failure of the right ventricle. COPD is the fifth 
leading cause of death in the United States. 


Pulmonary Fibrosis Under certain conditions, for reasons 
that are poorly understood, lung damage leads to pulmonary 
fibrosis instead of emphysema. In this condition the normal 
structure of the lungs is disrupted by the accumulation of fi- 
brous connective tissue proteins. Fibrosis can result, for ex- 
ample, from the inhalation of particles less than 6 um in size 
that can accumulate in the respiratory zone of the lungs. This 
type of fibrosis includes anthracosis, or black lung, which is 
produced by the inhalation of carbon particles from coal dust. 
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FIGURE 24.41 

Photomicrographs of tissue (a) from a normal lung and 
(b) from the lung of a person with emphysema. In 
emphysema, lung tissue is destroyed, resulting in the 
presence of fewer and larger alveoli. 


Other Respiratory Disorders The common cold 1s the most 
widespread of all respiratory diseases. Colds occur repeat- 
edly because acquired immunity to one virus does not protect 
against other viruses that cause colds. Cold viruses cause 
acute inflammation of the respiratory mucosa, resulting ina 
flow of mucus, a fever, and often a headache. 

Nearly all the structures and regions of the respira- 
tory tract can hecome infected and inflamed. Influenza is 
a viral disease that causes inflammation of the upper res- 
piratory tract. Sinusitis (si-nit-st ‘tis) iy an inflammation of 
the paranasal sinuses. Tonsillitis may involve one or all of 
the tonsils and frequently follows other lingering diseases 
of the oral or pharyngeal region. Laryngitis ts intlamma- 
tion of the larynx, which often produces a hoarse voice 
and lumits the ability co talk. Tracheobronchitis and bron- 
chitis are infections of the regions tor which they are 
named. Severe inflammation of the bronchioles can cause 


significant airway resistance and dyspnea. 


influenza. L. influentia, a flowing in 


Diseases of the lungs are common and may be serious. 
Pneumonia is an acute infection and inflammation of lung 
tissue accompanied by exudation (the accumulation of fluid). 
It is usually caused by bacteria, most commonly the pneu- 
mococcus bacterium. Viral pneumonia ts caused by a number 
of different viruses. Tuberculosis is an inflammatory disease 
of the lungs caused by the presence of tubercle bacill. Tu- 
berculosis softens and leads to the ulceration of lung tissue. 
Pleurisy is an inflammation of the pleura and is usually sec- 
ondary to some other respiratory disease. Inspiration may be- 
come painful, and fluid may collect within the pleural space. 

Cancer in the respiratory system ts often caused by re- 
peated inhalation of irritating substances, such as cigarette 
smoke. Cancers of the lips, larynx, and lungs are especially 
common in smokers over the age of 50. 


Disorders of Respiratory Contra! 


A variety of disease processes can produce cessation of breath- 
ing during sleep, or sleep apnea. Sudden infant death syn- 
drome (SIDS) is an especially tragic form of sleep apnea that 
claims the lives of about 10,000 babies annually in the United 
States. Victims of this condition are apparently healthy 2- 
to-5-month-old babies who die in their sleep without appar- 
ent reason—hence, the layperson’s term, crth death. These 
deaths seem to be caused by failure of the respiratory control 
mechanisms in the brain stem and/or by failure of the carotid 
bodies to be stimulated by reduced arterial oxygen. 

Abnormal breathing patterns often appear prior to 
death from brain damage or heart disease. The most com- 
mon of these abnormal patterns is Cheyne-Stokes breathing, 
in which the depth of breathing progressively increases and 
then progressively decreases. These cycles of increasing and 
decreasing tidal volumes may be followed by periods of apnea 
of varying durations. Cheyne-Stokes breathing may be caused 
by neurological damage or by insufficient oxygen delivery to 
the brain. The latter may result from heart disease or from a 
brain tumor that diverts a large part of the vascular supply 
from the respiratory centers. 


Disorders Caused by High Partal 
Pressures of bases 


The total atmospheric pressure increases by one atmosphere 
(760 mmHg) for every 10 m (33 ft) below sea level. Ifa diver 
descends to 10 m below sea level, therefore, the partial pres: 
sures and amounts of dissolved gases in the plasma will be 
twice those at sea level. At 66 ft they are three times, and at 
100 tt they are four times the values at sea level. The in- 
creased amounts of nitrogen and oxygen dissolved in the 


Cheyne-Stokes breathing from John Cheyne, Scottish physician, 1777-1836, and 
William Stokes, Irish physician, 1804-78 
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blood plasma under these conditions can have serious ad- 


verse effects on the body. 


Oxygen Toxicity Although breathing 100% oxygen atone 
or Wo atmospheres pressure can be safely tolerated fora few 
hours, higher partial oxygen pressures can be very danger- 
ous. Oxygen toxicity develops rapidly when the Po, rises 
above about 2.5 atmospheres. This is apparently caused by 
the oxidation of enzymes and other destructive changes that 
can damage the nervous system and lead to coma and death. 
For these reasons, deep-sea divers commonly use gas mix- 
tures in which oxygen is diluted with inert gases such as ni- 
trogen (as in ordinary air) or helium. 

Hyperbaric oxygen—oxygen at greater than one at- 
mosphere pressure—is often used to treat conditions such 
as carbon monoxide poisoning, circulatory shock, and gas 
gangrene. Before the dangers of oxygen toxicity were real- 
ized, these hyperbaric oxygen treatments sometimes resulted 
in tragedy. Particularly tragic were the cases of retrolental fi- 
broplasia, in which damage to the retina and blindness re- 
sulted from hyperbaric oxygen treatment of premature babies 
with hyaline membrane disease. 


Nitrogen Narcosis 
inert at sea level, larger amounts of dissolved nitrogen under 


Although nitrogen is physiologically 


hyperbaric conditions have deleterious effects. Since it takes 
time for the nitrogen to dissolve, these effects usually do not 
appear until the person has remained submerged for over an 
hour. Nitrogen narcosis resembles alcohol intoxication; de- 
pending on the depth of the dive, the diver may experience 
a euphoria known as “rapture of the deep,” or he or she may 
become so drowsy as to be totally incapacitated. 


“ 


Decompression Sickness The amount of nitrogen dis- 
solved in the plasma decreases as a diver ascends to sea level 
as a result of the progressive decrease in the Py,. If the diver 
surfaces slowly, a large amount of nitrogen can diffuse 
through the alveoli and be eliminated in the expired breath. 
If decompression occurs too rapidly, however, bubbles of ni- 
trogen gas (N>) can form in the blood and block small blood 
channels, producing muscle and joint pain, as well as more 
serious damage. These effects are referred to as decompres- 
sion sickness, or the bends. 

The cabins of airplanes that fly long distances at high 
altitudes (30,000 to 40,000 ft) are pressurized so that the 
passengers and crew are not exposed to the very low atmo- 
spheric pressures of these altitudes. Ifa cabin were to be- 
come rapidly depressurized at high altitude, much less 
nitrogen could remain dissolved at the greatly lowered pres- 
sure. People in this situation, like divers that ascend too 


rapidly, would experience decompression sickness. 
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Abdominal rust Maneuver 


The abdommal thrust (Hetmlich) maneuver can save the life of a 


person who ts choking. This technique ts performed as follows: 


A. Ifthe victim is standing or sitting: 
1. Stand behind the victim or the vietim’s chair and 
wrap your arms around his or her waist. 
. Grasp your fist with your other hand and place the 
fist against the victim's abdomen, slightly above the 


Nm 


navel and below the rib cage. 

3. Press your fist into the victim’s abdomen with a 
quick upward thrust. 

4. Repeat several times if necessary. 

B. If the victim is lying down: 

1. Position the victim on his or her back. 

2. Face the victim, and kneel on his or her hips. 

3. With one of your hands on top of the other, place 
the heel of your bottom hand on the abdomen, 
slightly above the navel and below the rib cage. 

4. Press into the victim's abdomen with a quick up- 
ward thrust. 

5. Repeat several times if necessary. 

If you are alone and choking, use whatever is available 

to apply force just below your diaphragm. Press into a table 
ora sink, or use your own fist. 
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Reviving a Person Who as atopped Breathing 


Check for 
unresponsiveness. 

Gently shake the victim and 
shout, Are you okay? If no 
response, get the attention 
of someone who can phone 
for help Make sure thal the 
victim is on his or her back 


Check for breathing. 

Put your ear close to the 
viclim s face to listen and 
feel for any return of air At 
the same time look to see i! 
there is ches! movement 
Check for breathing for 
abou! 5 seconds 


5 Check for pulse. 
While maintaining head tilt, 
teel for a carotid pulse for 5 


to 10 seconds on the side of 


the victim's neck 


Mouth-to-Nose Method 


1 Open the airway. 
Piace the victim in the head 
lilt position as described 
above 


Open the airway. 

Tilt the victim s nead back 
by pushing on his or her 
forehead wiln your hand 
and lifting the cnin with your 
fingers under his oF her jaw 
Tnis will open the airway Dy 
moving the tongue away 
from the back of the 

victim s throat 


If no breathing, give two full 
breaths. 

While maintaining tne victim 
In the head tilt position 
pinch his or ner nose to 
close off the nasal 
passageway Take a deep 
breath then sea! your 
mouth around the victim s 
mouth and give two full 
breaths (After the first 
breath raise your nead 
slightly to innale quickly and 
then give the second 

breath ) 


7 Recheck for pulse. 
Fee! for a carotid pulse al 
1-minule intervals H the victim 
has a pulse bul 1s nol 
breathing, continue rescue 
breathing 


6 Continue rescue breathing. 
With the victim in the head 


tilt position and nis or ner 
nostrils pinched. give one 
breath every 5 seconds 
Observe for signs of 
breathing belween breaths 
For an infant, give one 
gentle puff every 3 seconds 


Blow into the victim's nose. 3 Feel and observe for 
Using Ine same sequence breathing. 

described above. blow into With the victim s mouth held 
the victim s nose while open detect for breathing 
holding his or her mouth between giving forced 
closed breaths 
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Interactions of the Respiratory System 


with Other Body Systems 


Integumentary System 

© Protects respiratory system from pathogens and 
helps maintain body temperature 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Skeletal System 

© Protects lungs within the 

© Produces red blood cells in bone marrow for the 
transport of oxygen 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Muscular System 
= hh muscular contractions needed for 
~~ ventilation 
¢ Consumes large amounts of oxygen and produces 
large amounts of carbon dioxide during exercise 
¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Nervous System 

© Regulates rate and depth of breathing 

© Regulates blood flow, and hence delivery of 
blood to tissues for gas exchange 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Endocrine System 

© Epinephrine dilates bronchioles 

* Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Circulatory System 

© Delivers o from lungs to body cells and 
transports n dioxide from body tissues to 
lungs 


¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Lymphatic System 

¢ Protects against infections that could damage 
respiratory system 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 

¢ Tonsils house immune cells 


Urinary System 

¢ Regulates volume and electrolyte balance of the 
blood 

* Participates with lungs in regulation of blood pH 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Digestive System 

¢ Provides nutrients to be used by cells of the lungs 
and other organs 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 


Reproductive System 

¢ Promotes changes in respiratory rate and depth 
during sexual arousal 

¢ Provides oxygen for cell respiration and 
eliminates carbon dioxide 
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Chapter aummary 


Functions and Divisions of the 
Respiratory System (p. 684) 


1 


Respiration refers not only to breathing 
but also to the exchange of gases 
between the atmosphere, the blood, and 
individual cells. 

The respiratory system is divided into a 
respiratory division, which includes the 
alveoli of the lungs in which gas exchange 
occurs, and the conducting division, 
which includes all the structures that 
conduct air to the respiratory division 


Conducting Division (pp. 684-690) 


1 


2. 


Chapter Twenty-Four 
eas 


The nose Is supported by nasal bones and 
cartilages 

The paranasal sinuses are found in the 
maxillary, frontal, sphenoid, and ethmoid 
bones, 

The pharynx is a funnel-shaped 
passageway that connects the oral and 
nasal cavities with the larynx. 


. The larynx is composed of a number of 


cartilages that keep the passageway to 
the trachea open during breathing and 
close the respiratory passageway during 
swallowing. 

The trachea is a rigid tube, supported by 
rings of cartilage, that leads from the 
larynx to the bronchial tree. 

The bronchial tree includes a right and left 
primary bronchus, which divides to 
produce secondary bronchi. tertiary 
bronchi, and bronchioles; the conducting 
division ends with the terminal 
bronchioles, which connect to the alveoli. 


Alveoli, Lungs, and Pleurae 
(pp. 690-692) 


1. 


Alveoli are the functional units of the 
lungs where gas exchange Occurs. they 
are numerous, small, thin-walled air sacs. 
The right and left lungs are separated by 
the mediastinum Each lung is divided 
into lobes and lobules 

The lungs are covered by a visceral 

pleural membrane (visceral pleura), and 

the thoracic cavity 1s lined by a parietal 
pleural membrane (parietal pleura) 

a. Apotential space between these two 
pleural membranes 1s called the 
pleural cavity, or intrapleural space. 

b. The pleural membranes package each 
lung separately and exclude the 
structures located in the mediastinum. 


Physical Aspects of Ventilation 
(pp. 692-695) 


1. The intrapleural and intrapulmonary 

pressures vary during ventilation 

a. The intrapleural pressure is always 
less than the intrapulmonary pressure. 

b. The intrapulmonary pressure Is 
subatmospheric during inspiration and 
greater than the atmospheric pressure 
during expiration. 


2. Pressure changes in the lungs are 


produced by variations in lung volume 

because, according to Boyle's law, the 

pressure of a gas 1s inversely proportional 
to its volume 

3. The mechanics of ventilation are 
influenced by the physical properties of 
the lungs. 

a. The compliance of the lungs refresh 
the change in lung volume as a 
function of change in transpulmonary 
pressure. 

b. The elasticity of the lungs refers to 
their tendency to recoil after 
distension. 

c. The surface tension of the fluid in the 
alveoli exerts a force directed inward, 
which acts to resist distension. 

4. The action of lung surfactant to reduce 
surface tension in alveoli prevents the 
alveoli from collapsing during expiration. 
Babies who lack surfactant suffer from 
respiratory distress syndrome. 


Mechanics of Breathing (pp. 695-699) 


1. Inspiration and expiration are 
accomplished by contraction and 
relaxation of skeletal muscles 
a. During quiet inspiration, the 

diaphragm and the external intercostal 
and internal intercostal (interchondral 
part) muscles contract, increasing the 
volume of the thorax. 

b. During quiet expiration these muscles 
relax, and the elastic recoil of the 
lungs and thorax causes a decrease in 
thoracic volume 

c. The lungs are stuck to the wall of the 
thorax because the intrapulmonary 
pressure Is greater than the 
intrapleural pressure. 


2. Spirometry aids in the diagnosis of a 


number of pulmonary disorders 

a. An abnormally low vital capacity 
indicates restrictive lung disorders, 
including emphysema and pulmonary 
fibrosis 


b. An abnormally low forced expiratory 
volume indicates obstructive disorders, 
including asthma and bronchitis 


Gas Exchange in the Lungs 
(pp. 699-702) 


1. According to Dalton’s law, the total 
pressure of a gas mixture is equal to the 
sum of the pressures that each gas in the 
mixture would exert independently. 

2. According to Henry's law, the amount of 
gas that can be dissolved in a fluid is 
directly proportional to the partial 
pressure of that gas in contact with the 
fluid 

3. The Po, and Pco, measurements of 
arterial blood provide information about 
lung function. 

a. Inadequate ventilation 
(hypoventilation) causes a rise in 
arterial Pco, and a fall in arterial Po, 

b. Excessive ventilation 
(hyperventilation) causes a fall in 
arterial Poo,» but has little effect on 
arterial Po,. 


Regulation of Breathing (pp. 702-707) 


1. The rhythmicity center in the medulla 
oblongata directly controls the muscles of 
respiration. 

a. Activity of the inspiratory and 
expiratory neurons varies ina 
reciprocal way to produce an 
automatic breathing cycle. 

b. Activity in the medulla oblongata is 
influenced by the apneustic and 
pneumotaxic centers in the pons, as 
well as by sensory feedback 
information. 

c. Conscious breathing involves direct 
control by the cerebral cortex via 
corticospinal tracts. 

2. Breathing is affected by chemoreceptors 
sensitive to the Po,, pH, and Peo, of the 

2 2 

blood. 

a. The Pco, of the blood and consequent 
changes in pH are usually of greater 
importance than the blood Po, in the 
regulation of breathing. . 

b. Central chemoreceptors in the medulla 
Oblongata are sensitive to changes in 
blood Pco, because of the resultant 
changes in the pH of cerebrospinal 
fluid. 

c. The peripheral chemoreceptors in the 
aortic and carotid bodies are sensitive 
to changes in blood Peo, indirectly, 
because of consequent changes in 
blood pH 
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3. Decreases in blood Po, directly stimulate 
breathing only when the blood Pp, is less 
than 50 mmHg; a drop in Po, also 
stimulates breathing indirectly, by making 
the chemoreceptors more sensitive to 
changes in Pco, and pH 


Hemoglobin and Oxygen Transport 
(pp. 707-711) 


1. Hemoglobin is composed of two alpha 
and two beta polypeptide chains and four 
heme groups that contain a central atom 
of iron. 

2. When the iron is in the reduced form and 
not attached to Oz, the hemoglobin is 
called deoxyhemoglobin; when it is 


attached to Oo, it is called oxyhemoglobin. 


3. Deoxyhemoglobin combines with O> in 
the lungs (the loading reaction) and 
breaks its bonds with Q> in the tissue 
Capillaries (the unloading reaction); the 
extent of each reaction is determined by 
the Po, and the affinity of hemoglobin for 
Oo. 

4. An oxyhemoglobin dissociation curve is a 
graph of percent oxyhemoglobin 
saturation at different values of Po,. 
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Review Activities 


Objective Questions 


1. Which is nota component of the nasal 
septum? 
a. the palatine bone 
b. the vomer bone 
c. the ethmoid bone 
d. septal cartilage 
2. An adenoidectomy is the removal of 
a. the uvula. 
b. the pharyngeal tonsils. 
c_ the palatime tonsils. 
d. the lingual tonsils 
3. Which is nota paranasal sinus? 
a. the palatime sinus 
b. the ethmiodal sinus 
c. the spheniodal sinus 
d. the frontal sinus 
e. the maxillary sinus 
4. Which of the following is not 
characteristic of the left lung? 
a cardiac notch 
a superior lobe 
a single fissure 
an inferior lobe 
a middle lobe 
5. The epithelial lining of the wall of the 
thorax 1s called 
a. the parietal pleura 


aocen 


bd 
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5. The pH and temperature of the blood 
influence the affinity of hemoglobin for O2 
and the extent of loading and unloading. 
a. Inthe Bohr effect, a fall in pH 
decreases the affinity of hemoglobin 
for Oo and a rise in pH increases the 
affinity of hemoglobin for Oo. 

b. Arise in temperature decreases the 
affinity of hemoglobin for O2 

c. When the affinity is decreased, the 
oxyhemoglobin dissociation curve 1s 
shifted to the right; this indicates a 
greater unloading percentage of 0» to 
the tissues 

6. The affinity of hemoglobin for Q> is also 
decreased, under conditions of anemia or 
low blood oxygen, by 2,3- 
diphosphoglyceric acid (2,3-DPG) within 
the red blood cells 


Carbon Dioxide Transport and Acid-Base 
Balance (pp. 711-714) 


1. An enzyme in red blood cells called 
Carbonic anhydrase catalyzes the 
reversible reaction whereby carbon 
dioxide and water are used to form 
carbonic acid. 

a. This reaction is favored by the high 
Pco, in the tissue capillaries; as a 


the pleural peritoneum. 

the mediastinal pleura. 

the visceral pleura. 

the costal pleura. 

6. Which of the following statements about 
intrapulmonary and intrapleural pressure 
is true? 

a. The intrapulmonary pressure is always 
subatmospheric. 

b. The intrapleural pressure is always 
greater than the intrapulmonary 
pressure 

c. The intrapulmonary pressure is 
greater than the intrapleural pressure. 

d. The intrapleural pressure equals the 
atmospheric pressure. 

7. Ifthe transpulmonary pressure equals 
zero, 

a. a pneumothorax has probably 
occurred 

b. the lungs cannot inflate. 

c. elastic recoil causes the lungs to 
collapse 

d. all of the above apply. 

8. Which of the following terms describes 
the maximum amount of air that can be 
expired after a maximum inspiration? 

a tidal volume 


eanog 


result, CO. produced by the tissues Is 
converted into carbonic acid in the red 
blood cells 

b. A reverse reaction occurs in the lungs; 
in this process, the low Pco, favors the 
conversion of carbonic acid to C02, 
which can be exhaled 

2. By adjusting the blood concentration of 

CO». and thus of carbonic acid, the 

process of ventilation helps to maintain 

proper acid-base balance of the blood 

a. Normal arterial blood pH is 7.40. ApH 
below 7.35 is termed acidosis: a pH 
above 7.45 is termed alkalosis 

b. Hyperventilation causes respiratory 
alkalosis; hypoventilation causes 
respiratory acidosis. 


Effects of Exercise and High Altitude on 
Respiratory Function (pp. 714-716) 


1. During exercise there is increased 
ventilation, or hyperpnea, that can be 
matched to the increased metabolic rate 
so that the arterial blood Pco, remains 
normal. 

2. Acclimatization to a high altitude involves 
changes that help to deliver 02 more 
effectively to the tissues, despite reduced 
arterial Po,. 


b. forced expiratory volume 
c. vital capacity 
d. maximum expiratory flow rate 
9. If the blood lacked red blood cells but the 
lungs were functioning normally, 
a. the arterial Po, would be normal. 
b. the O2 content of arterial blood would 
be normal. 
c. bothaand b apply. 
d. neither anor b applies 
10. Ifa person were to dive with scuba 
equipment to a depth of 66 ft, which of 
the following statements would be false? 
a. The arterial Po, would be three times 
its normal value. 
b. The 0» content of plasma would be 
three times its normal value. 
c. The QO» content of whole blood would 
be three times its normal value 
11. Which of the following would be most 
affected by a decrease in the affinity of 
hemoglobin for 02? 
a. arterial Po, 
Db. arterial percent oxyhemoglobin 
Saturation 
Cc. venous oxyhemoglobin saturation 
d. arterial Pco, 
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12. Ifa person with normal lung function 
were to hyperventilate for several 
seconds, there would be a significant 
a. increase in the arterial Po». 

b. decrease in the arterial Pco,. 
C. increase in the arterial percent 
oxyhemoglobin saturation 

d. decrease in the arterial pH 

13. Erythropoietic factor is produced by 
a. the kidneys 
b. the liver. 

c. the lungs. 
d. the bone marrow 

14. The affinity of hemoglobin for Q, is 
decreased under conditions of 
a. acidosis. 

Db. fever. 

C. anemia. 

d. acclimatization to a high altitude. 
e. all of the above apply 

15. Most of the CO» in the blood is carried in 
the form of 
a dissolved CO>. 

b. carbaminohemoglobin. 
C. carbonic acid and bicarbonate. 
d. carboxyhemoglobin 
16. The bicarbonate concentration of the 
blood would be decreased during 
a. metabolic acidosis 
Db. respiratory acidosis 
c. metabolic alkalosis 
d. respiratory alkalosis. 


17. 


18 


19. 


20 


The chemoreceptors in the medulla 

oblongata are directly stimulated by 

a. carbon dioxide from the blood 

b. hydrogen ions from the blood 

c. hydrogen ions in cerebrospinal fluid, 
derived trom blood CO». 

d. decreased arterial Po, 

The rhythmic control of breathing is 

produced by the activity of inspiratory 

and expiratory neurons in 

a. the medulla oblongata 

b. the apneustic center of the pons. 

C. the pneumotaxic center of the pons. 

d. the cerebral cortex. 

Which of the following occurs during 

hypoxemia? 

a increased ventilation 

b. increased production of 2,3-DPG 

Cc. increased production of erythropoietin 

d. all of the above occur 

Which of the following statements 

pertaining to exercise ts true? 

a. The arterial percent oxyhemoglobin 
Saturation Is decreased. 

b. The venous percent oxyhemoglobin 
Saturation is decreased. 

c. The arterial Pco, is measurably 
increased 

d. The arterial pH is measurably 
decreased. 


Essay Questions 


1 


Using a flow diagram to show cause and 
effect. explain how contraction of the 
diaphragm produces inspiration 


. Radiographic (X-ray) pictures show that 


the rib cage of a person witha 
pneumothorax 1s expanded and the ribs 
are farther apart. Explain why this should 
be so 

Explain, using a flowchart, how a rise in 
blood Pco, stimulates breathing. Include 
both the central and peripheral 
chemoreceptors in your answer 

A person with ketoacidosis may 
hyperventilate What is the reason for this 
hyperventilation and how can it be 
stopped by an intravenous fluid 
containing bicarbonate? 

What blood measurements can be 
performed to detect (a) anemia, 

(b) carbon monoxide poisoning, and (c) 
poor lung function? 

Explain how measurements of blood Pco,, 
bicarbonate, and pH are affected by 
hypoventilation and hyperventilation. 
Explain how blood pH and bicarbonate 
concentrations are affected by respiratory 
and metabolic acidosis. 

How would an increase in the red blood 
cell content of 2,3-DPG affect the Po, of 
venous blood? Explain your answer. 
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Chapter Twenty-Five 


Urinary) oystem 


and nidney atructure 


Each kidney contains many tiny cubes that empty mto a cavity 
drained by the ureter. Each of the aubules receives a blood filtrate from 
a capillary bed called the glomerulus. The filtrate ts similar to ussue 
fluid bucis modified ay it passes through the aebules and ws thereby 
changed into vrme. The tubules and assoctated blood vessels thus form 
the functionmg units of the kidneys, which ave known as nephrons. 


The urinary system consists of two kidneys, two ureters, the 
urinary bladder, and the urethra (fig. 25.1). The primary 
function of the kidneys is regulation of the extracellular fluid 
(plasma and interstitial fluid) environment in the body. This 
function is accomplished through the formation of urine, 
which tsa modified filtrate of plasma. In the process of urine 
formation, the kidneys regulate (1) the volume of blood 
plasma (and thus contribute significantly to the regulation of 
blood pressure); (2) the concentration of waste products in 
the blood; (3) the concentration of electrolytes (Na*, K*, 
HCO}, and other tons) in the plasma; and (4) the pH of plasma. 
In order to understand how these functions are performed 
by the kidneys, a knowledge of kidney structure is required. 


Position and bross Structure of the Hidney 


The reddish-brown kidneys lie on each lateral side of the 
vertebral column, high in the abdominal cavity, between the 
levels of the twelfth thoracic and the third lumbar vertebrae 
(fig. 25.2). The night kidney ts usually 1.5 to 2.0 cm lower 
than the left because of the large area occupied by the liver. 

The kidneys are retroperitoneal, which means that they 
are positioned behind the parietal peritoneum. Thus, strictly 
speaking, they are not within the peritoneal cavity. Each 
adult kidney is a lima-hean-shaped organ about 11.25 cm 
(4 in.) long, 5.5 to 7.7 em (2 to 3 in.) wide, and 3.0 cm 
(1.2 in.) thick. The hilum of the kidney ts the depression 
along the medial border through which the renal artery and 
nerves enter and the renal vein and ureter (yoo-re ‘ter) exit. 

Each kidney is embedded ina fatty fibrous pouch con- 
sisting of three layers. The renal capsule is the innermost 
layer that forms a strony, transparent fibrous attachment to 
the kidney. The renal capsule protects the kidney trom 
trauma and the spread of infections. The second layer is 
formed by a firm protective Layer of adipose Ussue called the 
adipose capsule. The outermost layer, called the renal fas- 
cia, is a supportive layer that anchors the kidney to the peri- 
roneum and the abdominal wall. 

A coronal section of the kidney shows two distinct re- 
gions and a major caviry (fig. 25.3a). The outer renal cortex, 


in contact with the capsule, is reddish brown and granular in 


Inferior 
vena Cava 


Kidney 


Aorta 


Ureter 


Urinary bladder 


J Urethra 


FIGURE 25.1 


The anatomical locations of the kidneys, ureters, and urinary 
bladder 


Twelfth 
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Uninary 
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FIGURE 25.2 


A color-enhanced radiograph of the calyces and renal! pelvises o! 
the kidneys, the ureters, and the urinary bladder. (Note the 
position of the kidneys relative to the vertebral! column and ribs.) 


appearance because of its many capillaries. The deeper re 
gion, or renal medulla, ts darker in color, and the presence 
of microscopic tubules and blood vessels gives it a striped 
appearance. The renal medulla ts composed of 8 to 15 
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FIGURE 25.3 

The internal structures of a kidney. (a) A coronal section showing 
the structure of the renal cortex, renal medulla, and renal pelvis. 
(b) A diagrammatic magnification of a renal pyramid and renal 


conical renal pyramids separated by renal columns. The 
renal papillae are the apexes of the renal pyramids. These 
nipplelike projections are directed toward the large cavity 
of the kidney called the renal pelvis. 

The cavity of the kidney collects and transports urine 
from the kidney to the ureter. [tts divided into several 
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Proximal convoluted 
tubule 


cortex to depict the tubules. (c) A diagrammatic view ofa single 
nephron and acollecting duct. 


portions. Each papilla of a renal pyramid projects into a small 
depression called the minor calyx (ka ‘liks)—in the plural, ca- 
lyces. Several minor calyces unite to form a major calyx. In 
turn, the major calyces join to form the funnel-shaped renal 
pelvis. The renal pelvis serves to collect urine from the ca- 
lyces and transport it to the ureter. 
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FIGURE 25.4 

The vascular structure of the kidneys. (a) An illustration of the 
major arterial supply and (b) a scanning electron micrograph of 
the glomeruh: (300x) 


Microscopie structure of the Hidney 


The nephron (nef ron) (fig 25.3c) is the functional unit of 
the kidney that is responsible for the formation of urine. 
Each kidney contains more than a millon nephrons. A 
nephron consists of urinary tubules and associated small 
blood vessels. Fluid formed by capillary filtration enters the 
tubules and is subsequently modified by transport processes. 
The resulting fluid that leaves the tubules ts urine. 


Renal Blood Vessels Arterial blood enters the kidney at 
the hilum through the renal artery, which divides into in- 
terlobar (in “ter-lo ‘bar) arteries (fig. 25.4) that pass between 
the renal pyramids through the renal columns. Arcuate 
(ar ‘kyoo-at) arteries branch trom the interlobar arteries at 


the houndary of the renal cortex and renal medulla. Many 


interlobular arteries radiate from the arcuate arteries Into 


the renal cortex and subdivide into numerous afferent ar- 
terioles, which are microscopic in size. The afferent artert- 
liver blood into capillary networks called glomeruli, 


oles de 
a blood filtrate that enters the urimary 


which produce 
tubules. The blood remaining in the glomerulus leaves 
through an efferent arteriole, which delivers the blood into 
another capillary network, the peritubular capillaries, sur- 


rounding the tubules (fig. 25.5). 


arcuate. L. arcuare, to bend 
glomerulus. L_ diminutive of glomus, ball 


Convoluted 
tubule 


Glomerulus 


This arrangement of blood vessels, in which a capil- 
lary bed (the glomerulus) is drained by an arteriole rather 
than by a venule and delivered to a second capillary bed lo- 
cated downstream (the peritubular capillaries), iy unique. 
Blood from the peritubular capillaries is drained into veins 
that parallel the course of the arteries in the kidney. These 
are the interlobular veins, arcuate veins, and interlobar 
veins. The interlobar veins descend between the renal pyra- 
mids, converge, and leave the kidney as a single renal vein 
that empties into the inferior vena cava. 


being encapsulated retropentoneally, they may be 
injured by a hard blow to the lumbar region. The 
immense vasculanity of the kidney makes it highly 
susceptible to hemorrhage. Asa result, such an injury may 
produce blood in the urine 


\ Although the kidneys are generally well protected by 


Jj 


Nephron The tubular nephron consists of a glomerular cap- 
sule, proximal convoluted tubule, descending limb of the 
nephron loop (loop of Henle), ascending limb of the nephron 
loop, and distal convoluted tubule (figs. 25.3¢ and 25.5). 

The glomerular (Bowman's) capsule surrounds the 
glomerulus. The glomerular capsule and ats associated 
glomerulus are located in the renal cortex and together con- 
stitute the renal corpuscle. The glomerular capsule contains 
an inner visceral layer of epithelium around the glomerular 
capillaries and an outer parietal layer. The space between 
these two layers, called the capsular space, receives the 
glomerular filtrate. 


Bowman s capsule trom Sit William Bowman, English anatomist. 1816-92 
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Filtrate in the glomerular capsule passes into the lumen 
of the proximal convoluted tubule. The wall of the proximal 
convoluted tubule consists of a single layer of cuboidal cells 
containing millions of microvilli; these serve to increase the 
surface area for reabsorption. In the process of reabsorption, 
salt, water, and other molecules needed by the body are 
transported from the lumen, through the tubular cells, and 
into the surrounding peritubular capillaries. 

The glomerulus, glomerular capsule, and proximal con- 
voluted tubule are located in the renal cortex. Fluid passes 
from the proximal convoluted tubule to the nephron loop 
(loop of Henle). This fluid is carried into the renal medulla 
in the descending limb of the loop and returns to the renal 
cortex in the ascending limb of the loop. Back in the renal 
cortex, the tubule becomes coiled again and ts called the 
distal convoluted tubule. The distal convoluted tubule is 
shorter than the proximal convoluted tubule and has fewer 
microvilli. Teas the last segment of the nephron and termi- 
nates ast empties into a collecting duct. 

The two principal types of nephrons are classified ac- 


cording to their position in the kidney and the lengths ot 


their nephron loops. Nephrons that originate in the inner 
one-third of the renal cortex—called juxtamedullary 
nephrons—have longer loops than the cortical nephrons 
that originate in the outer two-thirds of the renal cortex 
(fig. 25.6). 


Ome m wwe e eee tester eee eee eee eeeeeee 


loop of Henle trom Friedrich G. J Henle, German anatomist, 1809-85 
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The distal convoluted tubules of several nephrons drain 
into a collecting duct. Fluid is then drained by the collect- 
ing duct from the renal cortex into the renal medulla as the 
collecting duct passes through a renal pyramid. This fluid, 
now called urine, passes into a minor calyx. Urine is then 
funneled through a major calyx to the renal pelvis and out of 
the kidney in the ureter. 


autosomal] dominant trait, affects | in 600 to 1000 
people. This disease is more common than sickle-cell 
anemia, cystic fibrosis, or muscular dystrophy, which 
are also genetic diseases. In 50% of the people who inherit the 
defective gene, progressive renal failure develops dunng 
middle age to the point where dialysis or kidney transplants 
are required. The cysts that develop are expanded portions of 
the nephron tubules. 


\ Polycystic kidney disease, a condition inherited as an 


J 


The glomerular capillartes have large pores, and the visceral layer of the 
glomerular capstde, m contact with the glomerulus, has filtration slits. 

Water, together with dissolved solutes (but not protemy), can thus pass 
from the blood plasma to the msde of the capsules and the henma of the 
nephron tubules. The volieme of this filtrate | 
both kidneys is called the gdlomeniar filtration rate (GER). 


noduced per minute by 
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FIGURE 25.6 
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The glomerular capillaries have extremely large pores 
(200-500A in diameter) called fenestrae, and are thus said 
to be fenestrated. Asa result of these large pores, glomerular 
capillaries are 100 to 400 times more permeable to plasma, 
water, and dissolved solutes than are the capillaries of skele- 
tal muscles. Although the pores of glomerular capillaries are 
large, they are sull small enough to prevent the passage of red 
blood cells, white blood cells, and platelets into the filtrate. 

Before the filtrate can enter the interior of the glomeru- 
lar capsule it must pass through the capillary pores, the base- 
ment membrane (a thin layer of glycoproteins immediately 
outside the endothelial cells), and the inner, visceral layer of 
the glomerular capsule. The inner layer of the glomerular 
capsule is composed of unique cells, called podocytes (pod 0- 
sitz), with numerous cytoplasmic extensions known as 
pedicels (ped ‘T-selz), or toot processes (fig. 25.7). Pedicels 
interdigitate, like the fingers of clasped hands, as they wrap 
around the glomerular capillaries. The narrow slits between 
adjacent pedicels provide the passageways through which 
filtered molecules must pass to enter the interior of the 
glomerular capsule (fig. 25.8). 


podocyte Gk pous, foot, kytos cell 
pedicel. L_ peducekkus, footplate 


Renal cortex 


Renal medulla 


Collecting duct 


FIGURE 25.7 

The inner (viseéral) layer of the glomerular (Bowman's) 
capsule is cOmposed of podocytes, as shown in this 
scanning electron micrograph. Very fine extensions of these 
podocytes form foot processes, or pedicels, that interdigitate 
around the glomerular capillaries. Spaces between 
adjacent pedicels form the filtration slits. 


Primary process Pedicel 
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Although the glomerular capillary pores are apparently 
large enough to permit the passage of proteins, the fluid that 
enters the capsular space is almost completely free of plasma 
proteins. This exclusion of plasma proteins from the filtrate 
is partially a result of their negative charges, which hinder 
their passage through the negatively charged glycoproteins 
in the basement membrane of the capillaries (fig. 25.9). The 
large size and negative charges of plasma proteins may also 
restrict their movement through the filtration slits between 
pedicels. 


Glomerular U/trafiltrate 


The fluid that enters the glomerular capsule is called ultra- 
filtrate (fig. 25.10) because it is formed under pressure (the 
hydrostatic pressure of the blood). This process is similar to 
the formation of interstitial (tissue) fluid by other capillary 
heds in the body. The force favoring filtration is opposed by 
a counterforce developed by the hydrostatic pressure of fluid 
in the glomerular capsule. Also, since the protein concen- 
tration of the tubular fluid is low (less than 2-5 mg per 100 
ml) compared to that of plasma (6-8 g per 100 ml), the 
greater colloid osmotic pressure of plasma promotes the os- 
motic return of filtered water. When these opposing forces 
are subtracted from the hydrostatic pressure of the glomeru- 
lar capillaries, a net filtration pressure of approximately 10 
mmHg is obtained. 

Because glomerular capillaries are extremely perme- 
able and have a large surface area, the modest net filtration 
pressure produces an extraordinarily large volume of filtrate. 
The glomerular filtration rate (GFR) 1s the volume of fil- 
trate produced per minute by both kidneys. The GFR aver- 
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FIGURE 25.8 

An illustration of the 
relationship between 
glomerular capillaries 
and the inner layer of 
the glomerular capsule. 
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FIGURE 25.9 


An electron micrograph of the filtration barrier between the 
lumen of the capillary (bottom) and the interior of the glomerular 


capsule (top). Molecules in blood plasma must pass through the 
capillary. 
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ages 115 ml per minute in women and 125 ml per minute 
in men. This ts equivalent to 7.5 L per hour or 180 L per 
day (about 45 gallons)! Since the total blood volume aver- 
ages about 5.0 L, this means that the total blood volume is 
filtered into the urinary tubules every 40 minutes. Most of 
the filtered water must obviously be returned immediately 
to the circulatory system or a person would literally urinate 


to death within minutes. 


Downloaded from Durr-e-Danish Library 


Chapter Twenty-Five 


Regulation of blomerular Filtration Rate 


Vasoconstriction or dilation of afferent arterioles af- 
fects the rate of blood flow to the glomerulus and, there- 
fore, the glomerular filtration rate. Changes in the 
diameter of the afferent arterioles result from both ex- 
trinsic (sympathetic innervation) and intrinsic regula- 
tory mechanisms. 


Sympathetic Nerve Effects An increase in sympa- 
thetic nerve activity, as occurs during the fight-or-flight 
reaction and exercise, stimulates constriction of afferent 
arterioles. This is an alpha-adrenergic effect (chapter 
17), which helps to preserve blood volume and to di- 
vert blood to the muscles and heart. A similar effect 
occurs during cardiovascular shock, in which sympa- 
thetic nerve activity stimulates vasoconstriction. The 
decreased GFR and the resulting decreased rate of urine 
formation help to compensate for the rapid blood pres- 
sure fall under these circumstances (fig. 25.11). 


Renal Autoregulation $= When the direct effect of sympa- 


thetic stimulation is experimentally removed, the effect of 


systemic blood pressure on the GFR can be observed. Under 
these conditions, surprisingly, the GFR remains relatively 
constant despite changes in mean arterial pressure within a 
range of 70 to 180 mmHg (the normal mean arterial pres- 
sure is 100 mmHg). The ability of the kidneys to maintain a 
relatively constant GFR in the face of fluctuating blood pres- 
sures ts called renal autoregulation. 

Renal autoregulation ts achieved through the effects 
of locally produced chemicals on the afferent arterioles (et- 
fects on the efferent arterioles are believed to be of secondary 
importance). When systemic arterial pressure falls toward a 
mean of 70 mmHzy, the afferent arterioles dilate, and when 
the pressure rises, the afferent arterioles constrict. Blood 
flow to the glomeruli and the GFR can thus remain rela- 
tively constant within the autoregulatory range of blood 
pressure values. The effects of different regulatory mecha- 
nisms on the GFR are summarized in table 25.1. 


Reabsorption of alt and Water 


Most of the salt and water filtered from the blood mto the glomerular 
capsule ts reabsorbed across the wall of the proximal convoluted abule. 
The reabsorption of water occurs by osmosts, m which water follows the 
acuve extrusion of NaCl from the adbule and mto the surrounding 
peritubular capillaries. Most of the remammg water m the filtrate ts 
reabsorbed across the wall of the collectang duct m the renal medulla 
This occurs ay a vest of the high osmone pressure of the swrrounding 
ussue fluid, which as produced by transport processes m the nephron 
loop. Reabsorpuon of water through the collectng ducts regulated by 
antucdiuretic hormone (ADH) 
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FIGURE 25.10 

The formation of glomerular ultrafiltrate. Proteins (green circles) 
are not filtered, but smaller plasma solutes (pink dots) easily enter 
the glomerular ultrafiltrate. Arrows indicate the direction of 
filtration. 
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FIGURE 25.11 


‘ _ errs 
The effect of increased sympathetic nerve activity on the cardiac 
output, total peripheral resistance, and blood volume. 
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Table 4.1 Regulation of the glomerular 
filtration rate (GFR) 


Regulation Stimulus Afferent 
arteriole 
— eee 
Sympathetic Activation by aortic and Constricts 
“nerves carotid baroreceptor reflex 


or by higher brain centers 


Glomerular capsule 


Glomerulus 


FIGURE 25.12 

Plasma water and its dissolved solutes (except proteins) enter the 
glomerular ultrafiltrate, but most of these filtered molecules are 
reabsorbed. The term reabsorption reters to the transport of 
molecules out of the tubular filtrate back into the blood. 


Although about 180 L per day of glomerular ultrafiltrate are 
produced, the kidneys normally excrete only 1.5 L per day of 
urine. Approximately 99% of the filtrate must thus be re- 
turned to the circulatory system, while 1% ts excreted in the 
urine. The urine volume, however, varies according to the 
needs of the body. When a well-hydrated person drinks a 
liter or more of water, urine volume increases to 16 ml per 
minute (the equivalent of 23 L per day if this were to con- 
tinue for 24 hours). In severe dehydration, when the body 


. ae) 
needs to conserve water, only 0.3 ml per minute, or 40C ml 


‘ ) smelay 
per day, of urine are produced. A volume of 400 ml per day 


of urine is needed to excrete the amount of metabolic wastes 


produced by the body; this ts called the obligatory water loss. 
When water in excess of this amount ts excreted, the urine 


volume ts increased and its concentration ts decreased. 


GFR 


Decreases 


Reabsorption 


Regardless of the body's state of hydration, 
it is clear that most of the filtered water must be 
returned to the circulatory system to maintain 
blood volume and pressure. The return of filtered 
molecules from the tubules to the blood is called 
reabsorption (fig. 25.12). It is important to realize 
that the transport of water always occurs passively 
by osmosis; there is no such thing as active trans- 
port of water. A concentration gradient must thus 
be created between tubular fluid and blood that 
favors the osmotic return of water to the circula- 
tory system. 


Heabsorgtion in the Proximal 
Lonvoluted Tubule 


Since all plasma solutes, with the exception of 
proteins, are able to freely enter the glomerular 
ultrafiltrate, the total solute concentration 
(osmolality—see chapter 5) of the filtrate is es- 
sentially the same as that of plasma. This total 
solute concentration is equal to 300 milliosmoles 
/ per liter (300 mOsm), which is tsosmotic (chapter 
Paras 5) to the plasma. Osmosis cannot occur unless the 
concentration of plasma in the peritubular capil- 
laries and the concentration of filtrate are altered 
by active transport processes. This is achieved by 
the active transport of Na* from the filtrate to the 
peritubular blood. 


Active and Passive Transport) The epithelial cells that 
compose the wall of the proximal convoluted tubule are 
joined together by tight junctions only on their apical 
sides—that is, the sides of each cell that are closest to the 
lumen of the tubule (fig. 25.13). Each cell therefore has four 
exposed surfaces: the apical side, which faces the lumen that 
contains microvilli; the basal side, which faces the per- 
itubular capillaries; and the lateral sides, which face the nar- 
row clefts between adjacent epithelial cells. 

The concentration of Nat in the glomerular ultrafiltrate— 
and thus in the fluid entering the proximal convoluted 
tubule—is the same as that in plasma. The epithelial cells of 
the tubule, however, have a much lower Na* concentration. 
The lower Na* concentration is due in part to the low per- 


meability of the cell membrane to Na’* and in part to the 
active transport of Na* out of the cell by Na*/K* pumps, 
as described in chapter 5. In the cells of the proximal 
convoluted tubule, the Nat/K* pumps are located in the 
basal and lateral sides of the cell membrane but not in the 
apical membrane. As a result of the action of these active 
transport pumps, a concentration gradient is created that 
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The transport of 
Na* from the tubular 
tluid to the inrerstitial 
fluid surrounding the 
epithelial cells of the 
proximal convoluted 
tubule creates a poten- 
tial difference across the 
wall of the rubule. This 


® 
Fe electrical gradient favors 
> the passive transport of 
8 Cl coward the higher 
& Na* concentration in Aca 
@ the tissue fluid. Chloride reer. 
g ions, therefore, passively 
0 follow sodium ions out 
of the filtrate into the FIGURE 25.13 
interstitial fluid. As a result of the accumulation of NaCl, An illustration of the appearance of tubule cells in the electron 


microscope. Molecules that are reabsorbed pass through the 
tubule cells from the apical membrane (facing the filtrate) to the 
basolateral membrane (facing the blood). 


the osmolality and osmoric pressure values of the intersti- 
tial fluid surrounding the epithelial cells increase to above 
those of the tubular fluid. This is particularly true of the in- 
tersttial fluid between the lateral membranes of adjacent 
epithelial cells, where the narrow spaces permit the accu- 
mulated NaCl to achieve a higher concentration. 

An osmonic gradient 1s thus created between the rubu- 
lar fluid and the interstitial fluid surrounding the proximal 
convoluted tubule. Since the cells of the proximal convo- 
luted tubule are permeable to water, water Moves hy osmo- 
sis from the tubular flutd into the epithelial cells and then 
across the basal and lateral sides of the epithelial cells into 
the interstitial fluid. The sale and water, which were reab- 
sorbed from the tubular fluid, can then move passively into 
the surrounding peritubular capillaries and in this way be 


returned to the blood (fig. 25.14). 


permeable to water, so that water and salt are removed in 
proportionate amounts. 

An additional smaller amount of salt and water is re- 
turned to the vascular system by reabsorption in the nephron 
loop. This reabsorption, like that in the proximal convo- 
luted tubule, occurs constantly, regardless of the person’s 
state of hydration. Unlike reabsorption that occurs in more 
distal regions of the nephron, it is not subject to hormonal 
regulation. Approximately 85% of the filtered salt and water 
is, therefore, reabsorbed in a constant, unregulated fashion 
in the proximal convoluted tubule and nephron loop. This 
reabsorption is very costly in terms of energy expenditures, 
accounting for as much as 6% of the calories consumed by 
Significance of Proximal Convoluted Tubule Reabsorption the body at rest. 

Approximately 65% of the salt and water in the original . Since 85% of the original glomerular ultrafiltrate is 
rafiltrate is reabsorbed across the proximal immediately reabsorbed in the proximal convoluted tubule 


glomerular ult Sah 
ascular system. The and nephron loop, only 15° of the mutial filtrate remains 


convoluted tubule and returned to the v 
volume of tubular fluid remaining ts reduced accordingly, 
but this fluid is sell rsosmatic with the blood (has a con- 
centration of 300 mOsm). This ts because the cell mem- 
in the proximal convoluted tubule are freely 


to enter the distal convoluted tubule and collecting duce. 
This is still a large volume of fluid —15% x GFR (180 L per 
day) = 27 L per day—that must be reabsorbed to varying de- 


iwies grees in accordance with the body’s state of hydration. In 


Downloaded from Durr-e-Danish Library 


Filtration 


} Reabsorption interstitial tissue fluid. This is not 
accomplished, however, by the 
il poll same process that occurs in the 

transport transport 20 follows 


(passive) 


Glomerular capsule 


FIGURE 25.14 


Mechanisms of salt and water reabsorption in the proximal tubule. 
Sodium is actively transported out of the filtrate and chloride 
follows passively by electrical attraction. Water follows the salt out 
of the tubular filtrate into the pentubular capillaries by osmosis. 


these regions of the nephron, fine runing of the percentage 
of reabsorption and urine volume is accomplished by the ac- 
tion of hormones. 


Ihe Countercurrent 
Multipher system 


Water cannot be actively transported 
across the tubule wall, and osmosis of 


Filtrate 
(tubular lumen) 


Water cannot occur if the tubular fluid 
and surrounding interstitial fluid are iso- 
tonic to each other. In order for water to 
be reabsorbed by osmosis, the surround- 
ing interstitial fluid must be hypertonic. 
The osmotic pressure of the interstitial 
tluid in the renal medulla ts raised to 
over four times that of plasma. This re- 
sults partly because the tubule bends; the 
configuration of the nephron loop allows 
for interaction between the descending 
and ascending limbs. Since the ascend- 
ing limb is the active partner in this in- 
teraction, we wall first describe its 
properties before considering those of the 


FIGURE 25.15 


descending limb. 


In the thick segmen 


Ascending Limb of the Nephron Loop 


Salt (NaCl) is actively extruded from the 


interstitial space 


ascending limb into the surrounding 
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(active) salt by osmosis 


- | original volume, but 
| still isosmotic 


enter the tubule cell 


proximal convoluted tubule. In- 
stead, Na*, K*, and Cl passively 
diffuse from the filtrate into the 
ascending limb cells in a ratio of 
1 Na* to 1 K* to 2 Cl-. The Na” 
is then actively transported 
across the basolateral membrane 
to the tissue fluid by the Na*/K* 
pump. Cl- follows the Na” pas- 
sively because of electrical attraction, and K* diffuses back 
into the filtrate (fig. 25.15). 

The ascending limb is structurally divisible into two 
regions: a thin segment, nearest to the tip of the nephron 
loop, and a thick segment of varying lengths, which carries 
the filtrate outward into the renal cortex and into the distal 
convoluted tubule. The thin segment is composed of a sim- 
ple squamous epithelium, whereas the thick segment is com- 
posed of a simple cuboidal epithelium. It is currently believed 
that only those cells of the thick segments of the ascending 
limb are capable of actively transporting NaCl from the fil- 
trate into the surrounding tissue fluid. 

Although the mechanism of NaCl transport is different 
in the ascending limb than it is in the proximal convoluted 
tubule, the net effect is the same: salt (NaCl) is extruded 


Fluid reduced to 4 


Interstitial 
space 


t of the ascending limb of the loop, Na* and K*, together with two Cl F 
s Na‘ is then actively transported out into the interstitial space and 
71 follows passively The K’* diffuses back into the filtrate. and some also enters the 
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Active transport of Na* 
CI’ follows passively; 
impermeable to water 


Passively permeable 
to water 


(a) 


FIGURE 25.16 

The countercurrent multiplier system. The active extrusion of Cl- 
followed by the Na‘ from the ascending hmb makes the 
surrounding tissue fluid more concentrated. This concentration 1s 
multiplied by the fact that the descending limb 1s passively 
permeable so that its fluid increases in concentration as the 


into the surrounding interstitial fluid. Unlike the epithelial 
walls of the proximal convoluted tubule, however, the walls 
of the ascending limb of the nephron loop are not permeable 
to water. The tubular fluid becomes increasingly dilute as it 
ascends toward the renal cortex, while the interstitial fluid 
around the nephron loops in the renal medulla becomes in- 
creasingly more concentrated. By means of these processes, 
the tubular fluid that enters the distal convoluted tubule in 
the renal cortex is made hypotonic (with a concentration 
of about 100 mOsm), while the interstitial fluid in the renal 
medulla is made hypertonic. 


Descending Limb of the Nephron Loop = The deeper regions 
of the renal medulla, around the tips of the loops of jux- 
tamedullary nephrons, reach a concentration of 1200 to 
1400 mOsm. In order to reach this high a concentration, 
the salt pumped out of the ascending limb must accumulate 
in the interstitial fluid of the renal medulla. This occurs as a 
result of the properties of the descending limb, to be dis- 
cussed next, and because blood vessels around the nephron 
loop do not carry back all of the extruded salt to the gen- 
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surrounding tissue fluid becomes more concentrated. The 
transport properties of the nephron loop and their effect on tubular 
fluid concentration are shown in (a). The values of these changes 
in osmolality, together with the effect on surrounding tissue fluid 
concentration, are shown in (b). 


eral circulation. The capillaries in the renal medulla are 
uniquely arranged to trap NaCl in the interstitial fluid, as 
will be discussed in a later section. 

The descending limb does not actively transport salt, 
and indeed 1s believed to be impermeable to the passive dif- 
fusion of salt. It is, however, permeable to water. Since the 
surrounding interstitial fluid is hypertonic to the filtrate in 
the descending limb, water is drawn out of the descending 
limb by osmosis and enters blood capillaries. The concen- 
tration of tubular fluid is thus increased, and its volume is 
decreased, as it descends toward the tips of the nephron 
loops. 

As a result of these passive transport processes in the 
descending limb, the fluid that “rounds the bend” at the tip 
of the nephron loop has the same osmolality as that of the 
surrounding tissue fluid (1200-1400 mOsm). There is, there- 
fore, a higher salt concentration arriving in the ascending 
limb than there would be if the descending limb simply de- 
livered isotonic fluid. Salt transport by the ascending limb is 
increased accordingly, so that the “saltiness” of the intersti- 
tial fluid is multiplied (fig. 25.16). 


Countercurrent Multiplica- 
tion Countercurrent flow 
(flow in opposite directions) 
in the ascending and descend- 
ing limbs and the close prox- 
imity of the two limbs allow 
for interaction. Since the con- 
centration of the tubular tluid 
in the descending limb retlects 


Blood flow 


the concentration of sure 
rounding interstitial fluid, and 
since the concentration of this 
interstitial fluid is raised by the 
active extrusion of salt from 
the ascending limb, a positive 
feedback mechanism ts created. 
The more salt the ascending 
limb extrudes, the more con- 
centrated will be the fluid that 
returns to it from the de- 
scending limb. This positive 
feedback that 
multiples the concentration 
of interstitial fluid and de- 
scending limb fluid is called 
the countercurrent multiplier 
system. 


mechanism 


FIGURE 25.17 


The countercurrent mul- 
tiplier system recirculates salt 
and thus traps some of the salt 
that enters the nephron loop 
in the interstitial fluid of the 
renal medulla. This system results in a gradually increasing 
concentration of renal tissue fluid from the renal cortex to 
the inner renal medulla; the osmolality of interstitial fluid 
increases from 300 mOsm (isotonic) in the renal cortex to 

200 to 1400 mOsm in the deepest part of the renal medulla. 


Vasa Recta In order for the countercurrent multiplier sys- 
tem to be effective, most of the salt extruded from the as- 
cending limbs must remain in the interstitial fluid of the renal 
medulla, while most of the water that leaves the descending 
limbs must be removed by the blood. This ts accomplished 
by thin-walled vessels, called the vasa recta, which form long 
capillary loops that parallel the long nephron loops of the 
juxtamedullary nephrons (see fig. 25.19). 

The vasa recta maintain the hypertonicity of the renal 
medulla by means of a mechanism known as countercurrent 
exchange. Salt and other salutes (such as urea, described in 
the next section) that are present at high concentrations in 
the medullary tissue futd diffuse into the blood as the blood 
descends into the capillary loops of the vasa recta, but then 
they passively diffuse out of the ascending vessels and back 
into the descending vessels (where the concentration ts 


Black arrows = diffusion of NaCl and urea 
Blue arrows = movement of water by osmosis 


Countercurrent exchange in the vasa recta. The diffusion of salt first 
into and then out of these blood vessels helps to maintain the 


“saltiness” (hypertonicity) of the interstitial fluid in the renal medulla 
(numbers indicate osmolality). 


lower). Solutes are thus 
recirculated and trapped 
within the renal medulla. 
Since the walls of the 


Tissue fluid 


vasa recta are freely per- 
meable to dissolved 
solutes, the concentra- 


tions of these solutes in- 


medulla 


Bl 


side the vasa recta and in 
the surrounding intersti- 
tial fluid become the 
same at each level within 
the renal medulla. The 
colloid osmotic pressure 
within the vasa recta, 
however, is higher than 
it is in the interstitial 
fluid because plasma pro- 


Inner renal 
1075 | medulla 


teins do not easily pass 
through the capillary 
walls. This is similar to 
the situation in other 
capillary beds and results 
in the osmotic move- 
ment of water into both 
the descending and as- 
cending vessels. The vasa 
recta thus trap salt and 
urea within the intersti- 
tial fluid but transport 
water out of the renal 
medulla (fig. 25.17). 


Effects of Urea Countercurrent multiplication of the NaCl 
concentration is the mechanism traditionally cited to ex- 
plain the hypertonicity of the interstitial fluid in the renal 
medulla. It is currently believed, however, that urea also 
contributes significantly to the total osmolality of the in- 
terstitial fluid. 

The role of urea was inferred from experimental evi- 
dence showing that active transport of Na* occurs only in 
the thick segments of the ascending limbs. The thin seg- 
ments of the ascending limbs, which are located in the 
deeper regions of the renal medulla, are not able to extrude 
salt actively. However, since salt does indeed leave the thin 
segments, a diffusion gradient for salt must exist, despite the 
fact that the surrounding interstitial fluid and the tubular 
fluid have the same osmolality. Investigators have therefore 
concluded that molecules other than salt—specifically 
urea—contribute to the hypertonicity of the tissue fluid. 

It was later shown that the ascending limb of the 
nephron loop and the collecting duct are permeable to urea. 
Urea can thus dittuse out of the collecting duct and into the 
ascending limb (fig. 25.18). In this way, a certain amount 
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FIGURE 25.18 

According to some authorines, urea diffuses out of the collecting 
duct and contributes significantly to the concentration of the 
interstitia! {uid in the renal medulla. The active transport of Nav 
out of the thick segments of the ascending limbs also contnbutes 
to the hypertonicity of the rena! medulla so that water is 
reabsorbed by osmosis from the collecting ducts. 


of urea ts recycled through these two seg- 
ments of the nephron and is trapped in 
the interstitial fluid. 

The transport properties of differ- 
ent tubule segments with respect to the 
concentrating-diluting mechanisms of 
the kidney are summarized in table 25.2. 


Collecting Duct. Effect of 
Antidiuretic Hormone (ROH! 


Asa result of the recycling of salt between 
the ascending and descending limbs and 
of the recycling of urea between the col- 
lecting duct and the nephron loop, the 
medullary interstitial thuid 1s made very 
hypertonic. The collecting ducts must 


aad 


Table C5. Transport oC ertiod of different segments 
of t 


transport their fluid through this hypertonic environment in 
order to empty their contents of urine into the calyces. While 
the fluid surrounding the collecting ducts in the renal medulla 
1s hypertonic, the fluid that passes into the collecting ducts in 
the renal cortex is hypotonic as a result of the active extru- 
sion of salt by the ascending limbs of the nephron loops. 

The walls of the collecting ducts are permeable to water 
but not to salt. Since the surrounding interstitial fluid in the 
renal medulla is very hypertonic as a result of the counter- 
current multiplier system, water is drawn out of the collect- 
ing ducts by osmosis. This water does not dilute the 
surrounding interstitial fluid because it is transported by cap- 
illaries to the general circulation. In this way, most of the 
water remaining in the filtrate is returned to the circulatory 
system (fig. 25.19). 

Note that the osmotic gradient created by the coun- 
tercurrent multiplier system provides the force for water re- 
absorption through the collecting ducts. The rate at which 
this osmotic movement occurs, however, is determined by 
the permeability of the collecting duct cell membranes to 
water. This depends on the number of water channels in the 
cell membranes of the collecting duct epithelial cells. 

The water channels are proteins within the membranes 
of vesicles that bud from the Golgi apparatus (chapter 3) 
and enter the cytoplasm. Antidiuretic hormone (ADH), 
acting via cAMP as a second messenger, stimulates the fusion 
of these vesicles with the cell membrane. This is identical to 
exocytosis (chapter 3), except that, in this case, no product 
is secreted. The importance of this process in the collecting 
duct is thar the water channels are incorporated into the 
cell membrance in response to ADH, so that the collecting 
duct becomes more permeable to water. When ADH is no 
longer secreted and no longer binds to its membrane 
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‘The permeability of the collecting duct to water depends on the presence of ADH 


Downloaded from Durr-e-Danish Library 


Proximal tubule Oistal tubule 


Vasa recta 


Descending 
limb of 
loop 


Ascending 
limb of 
loop 


FIGURE 25.19 

The countercurrent multiplier system in the loop of the nephron 
and countercurrent exchange in the vasa recta help create a 
hypertonic renal medulla. Under the influence of antidiuretic 


receptors in the collecing ducts, the water channels are re- 
moved from the cell membrane by a process of endocytosis 
(chapter 3). Endocytosis 1s the opposite of exocytosis; the 
cell membrane invaginates to reform vesicles that again con- 
tain the water channels. Alternating exocytosis and endo- 
cytosis in response to the presence and absence of ADH, 
respectively, 1s believed to resule in the recycling of water 
channels within the cell. 

When the concentration of ADH is increased, the col- 
lecting ducts become more permeable to water, and more 


Vv, 


Collecting 
duct 


Renal cortex 


Outer rena! medulla 


Inner renal medulla 


Lew 


hormone (ADH), the collecting duct is permeable to water so that 
water is drawn by osmosis out into the hypertonic renal medulla 
and into the peritubular capillaries. 


water is reabsorbed. A decrease in ADH, conversely, results 
in less reabsorption of water and thus in the excretion of a 
larger volume of more dilute urine. ADH 1s produced by neu- 
rons in the hypothalamus and ts screted from the posterior 
pituitary (chapter 19). The secretion of ADH is stimulated 
when osmoreceptors in the hypothalamus respond to an in- 
crease in blood osmotic pressure. During dehydration, there- 
fore, when the plasma becomes more concentrated, increased 
secretion of ADH promotes increased permeability of the 
collecting ducts of water. In severe dehydration, only the 
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Table ood Antidiuretic hormone secretion and action 


Stimulus Receptors 


—TOsmolality (dehydration) Osmoreceptors in hypothalamus 


Osmoreceptors in hypothalamus 


minimal amount of water needed to eliminate the body's 
wastes is excreted. This minimum, about 400 ml per day, is 
limited by the fact that urine cannot become more concen- 
trated than the medullary tissue fluid surrounding the col- 
lecting ducts. Under these conditions about 99.8% of the 
initial glomerular ultrafiltrate is reabsorbed. 

A person ina state of normal hydration excretes about 
1.5 L per day of urine, indicating that 99.2% of the glo- 
merular ultrafiltrate volume is reabsorbed. Notice that small 
changes in percent reabsorption translate into large changes 
in urine volume. Increasing water ingestion—and thus de- 
creasing ADH secretion (table 25.3)—results in the excre- 
tion of correspondingly larger volumes of urine. 


= Diabetes insipidus is a disease associated with the 
inadequate secretion or action of ADH. The collecting 
ducts are thus not very permeable to water and, 
therefore, a large volume (5-10 L per day) of dilute 
urine 1s produced. The resulting dehydration causes intense 
thirst, but a person with this condition has difficulty drinking 
enough to compensate for the large volumes of water lost in 
the urine. 


Renal Plasma Clearance 


As blood passes through the kidneys, some of the constituents of the 
plasma are removed and excreted m the urine, The blood ts thus 
“cleared,” tw one degree or another, of parucular solutes m the process 
of urine formation. These solutes may be removed from the blood by 
filtration through the glomerular capillaries or by secretion by the 
tubular cells into the filtrate. At the same ume, certain molecules in the 
tubulur fluid can be reabsorbed back into the blood. The process of 


reabsorpuon thus reduces the renal clearance of these substances. 


One of the major functions of the kidneys ts the excretion of 
waste products such as urea, creatinine, and other molecules. 
These molecules are filtered through the glomerulus into 
the glomerular capsule along with water, salt, and other 
plasma solutes. In addition, some waste products can gain 
access to the urine by a process called secretion (fig. 25.20). 
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Secretion is the opposite of reabsorption. Molecules that are 
secreted move out of the peritubular capillaries and into the 
tubular cells, from which they are actively transported into 
the tubular lumen. In this way, molecules that were not fil- 
tered out of the blood in the glomerulus, but instead passed 
through the efferent arterioles to the peritubular capillar- 
ies, can still be excreted in the urine. 

Although about 99% of the filtered water is returned to 
the vascular system by reabsorption, most of the unneeded 
molecules that are filtered or secreted are eliminated in the 
urine. The concentration of these substances in the renal 
vein leaving the kidney is therefore lower than their con- 
centrations in the blood entering the kidney in the renal 
artery. Some of the blood that passes through the kidneys, in 
other words, is cleared of these waste products. 


Renal Clearance of Inulin: Measurement of GFR 


If a substance ts neither reabsorbed nor secreted by the 
tubules, the amount excreted per minute in the urine will 
be equal to the amount that is filtered out of the glomeruli. 
There does not seem to be a single substance produced by 
the body, however, that is not reabsorbed or secreted to some 
degree. Plants such as artichokes, dahlias, onions, and garlic, 
fortunately, do produce such a compound. This compound, 
a polymer of the monosaccharide fructose, is inulin. Once 
injected into the blood, inulin is filtered by the glomeruli, 
and the amount of inulin excreted per minute is exactly 
equal to the amount that was filtered per minute (fig. 25.21). 

If the concentration of inulin in urine is measured and 
the rate of urine formation is determined, the rate of inulin 
excretion can easily be calculated: 


Quantity excreted per minute= V x U 
(m/min) | ml {mg | 
min’ | ml! 


where 


V = rate of urine formation 
U = inulin concentration in urine 


Filtration 
Reabsorption 


Secretion 


| 
VN sos 


\ 


FIGURE 25.20 


\ Secretion refers to the active transport of substances from the 
peritubular capillanes into the tubular fluid. This transport ts ina 


direction opposite to that of reabsorption. 


Renal artery— capillaries 


with inulin 
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inulin concentration 
less than in renal artery 
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(c) 


FIGURE 25.21 


The renal clearance of inulin. (a) Inulin is present in the blood via the renal vein thus contains less inulin than the blood that 
entered the kidneys via the renal artery. Since inulin ts filtered 
but neither reabsorbed nor secreted, the inulin clearance rate 


enternng the glomerulh, and (b) some of this blood, together with 
its dissolved inulin, is filtered. All of this filtered inulin enters the 
urine, whereas most of the filtered water is returned to the equals the glomerular filtration rate (GFR) 


vascular system (is reabsorbed). (c) The blood leaving the kidneys 
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Table co 


A substance enters the glomerular ultrafiltrate 


The transport of a substance from the filtrate, through 


tubular cells, and into the blood 


The rate at which a substance 1s filtered by the glomeruli 
(in mg per minute) can be calculated by multiplying the ml 
per minute of plasma that is filtered (the glomerular filtration 
rate, or GFR) by the concentration of that substance in the 
plasma. This is shown in the following equation: 


Quantity filtered per minute = GFR x P 


(mg/min) iml) | ma | 
where 
P = inulin concentration in plasma 


Since inulin is neither reabsorbed nor secreted, the 
amount filtered equals the amount excreted: 


GFR xP = VxU 


(amount filtered) (amount excreted) 


If the preceding equation is now solved for the 
glomerular filtration rate, 


\ ialimin) x U me/ml) 


Dd, 
I (mg/ml) 


GFR (m/min) = 


Let's say, for example, that inulin is infused into a vein 
and its concentration in the urine and plasma are found to be 
30 mg per ml and 0.5 mg per ml, respectively. If the rate of 
urine formation ts 2 ml per minute, the GFR can be calcu- 
lared as follows: 


_Q ml/min)(30 mg/ml) 


= = 120 ml/min 
0.5 mg/ml 


GFR 

This equation stares that 120 ml of plasma per minute 

must have been filtered in order to excrete the measured 

amount of inulin that appeared in the urine. In this example, 
the glomerular filtration rate ts thus [20 ml per minute. 

Measurements of the plasma concentration of creati- 

nine (kre-at ‘n-en) are often used clinically as an index of kid- 

ney function. Creatinine, produced as a waste product of 

muscle creatine, ts secreted in small amounts by the renal 

tubules so that its excretion rate slightly exceeds that of in- 
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Some or all of a filtered substance may enter the uri 
cleared from the blood. 


Reabsorption decreases the rate at which a substance is 
cleared; clearance rate is less than the glomerular filtration 


fale, 


ulin. Since it is released into the blood at a constant rate and 
since its excretion is closely matched to the GFR, an abnor- 
mal decrease in GFR causes the plasma creatinine concen- 
tration to rise. A simple measurement of blood creatinine 
concentration can thus indicate if the GFR ts normal, and 
thus provide information about the health of the kidneys. 


Clearance Calculations The renal plasma clearance is 
the volume of plasma from which a substance is completely 
removed in one minute by excretion in the urine. Notice 
that the units for renal plasma clearance are ml/min. In the 
case of inulin, which is filtered but neither reabsorbed nor se- 
creted, the amount that enters the urine is the same as that 
contained in the volume of plasma filtered. The clearance of 
inulin is thus equal to the GFR (120 ml/min in the previ- 
ous example). This volume of filtered plasma, however, also 
contains other solutes which may be reabsorbed to varying 
degrees. If a portion of a filtered solute is reabsorbed, the 
amount excreted in the urine is less than that which was 
present in the 120 ml of plasma filtered. Thus, the renal 
plasma clearance of a substance that is reabsorbed must be 
less than the GFR (table 25.4). 

It a substance is not reabsorbed, all of the filtered 
amount will be cleared. If this substance is, in addition, se- 
creted by active transport into the renal tubules from the 
peritubular blood, an additional amount of plasma can be 
cleared of that substance. The renal plasma clearance of a 
substance that ts filtered and secreted is therefore greater 
than the GFR (table 25.5). In order to compare the renal 
handling of various substances in terms of their reabsorp- 
tion oF secretion, the renal plasma clearance 1s calculated 
using the same formula used for determining the GFR: 


set 
Renal plasma clearance = VxU 
P 
where 
V = urine volume per minute 
(Ts 


concentration of substance in urine 
P = concentration of substance in plasma 


Table 09.5 Renal handling of different plasma molecules 


‘If substance is 


Example 


Not filtered Proteins Same as in renal artery Zero 

_ Filtered, Not reabsorbed nor secreted Inulin Less than in renal artery Equal to GFR (115-125 ml/min) 
Filtered, partially reabsorbed Urea Less than in renal artery Less than GFR 
Filtered, completely reabsorbed Glucose Same as in renal artery Zero 


Clearance of Urea Urea may be used as an example of how 
the clearance calculations can reveal the way the kidneys 
handle a molecule. Urea is a waste product of amino acid 
metabolism that is secreted by the liver into the blood and 
filtered into the glomerular capsules. Using the formula for 
renal clearance previously described and the following sam- 
ple values, the urea clearance can be obtained: 


*=2 ml/min 
U = 7.5 mg/ml of urea 
P = 0.2 mg/ml of urea 


Urea clearance = (2 ml/min)(7.5 mg/ml) = 75 ml/min 


0.2 mg/ml 


The clearance of urea in this example is less (75 
ml/min) than the clearance of inulin (120 ml/min). Even 
though 120 ml of plasma filtrate entered the nephrons, only 
the amount of urea contained in 75 ml of filtrate is excreted 
per minute. The kidneys must reabsorb some of the urea that 
is filtered. Although filtered urea is a waste product, a sig- 
nificant portion (between 40% and 60%) is always reab- 
sorbed. This 1s a passive reabsorption that cannot be avoided 
because of the high permeability of cell membranes to urea. 


flearance of PRH. Measurement of Renal Blood Flow 


Nor all of the blood delivered to the glomeruli is filtered 
into the glomerular capsules; most of the glomerular blood 
passes through to the efferent arterioles and peritubular cap- 
illaries. The inulin and urea tn this unfiltered blood are not 
excreted but instead return to the general erreulation, Blood 
must make many passes through the kidneys before tt can 
be completely cleared of a given amount of inulin or urea. 
In order for compounds in the untiltered renal blood to 
be cleared, they must be secreted into the tubules by active 
transport from the peritubular capillaries. In this way, all 
of the blood going to the kidneys can potentially he cleared 
of a secreted compound ina single pass. This ty the case tor 
a molecule called para-aminohippuric acid, or PAH, (fig. 
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Concentration in renal vein “Renal clearance rate 
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25.22). The clearance (in ml/min) of PAH can be used to 
measure the total renal blood flow (in ml/min). The normal 
PAH clearance has been found to average 625 ml/min. 
Since the glomerular filtration rate averages about 120 
ml/min, this indicates that only about 120/625, or roughly 
20%, of the renal plasma flow is filtered. The remaining 
80% passes on to the efferent arterioles. 

Since filtration and secretion clear only the molecules 
dissolved in plasma, the PAH clearance measures the renal 
plasma flow. In order to convert this measure to the toral 
renal blood flow, the volume of blood occupied by erythro- 
cytes must he taken into account. If the hematocrit (chapter 
20) is 45, for example, erythrocytes occupy 45% of the blood 
volume and plasma accounts for the remaining 55% of the 
blood volume. The total renal blood flow is calculated by di- 
viding the PAH clearance rate by the fractional blood vol- 
ume occupied by plasma (0.55, in this example). The roral 
renal blood flow in this example is 625 ml/min divided by 
0.55, or 1.1 L/min. 


and thus have clearance rates greater than the 

glomerular filtration rate. Penicillin, for example, is 

rapidly removed from the blood by renal clearance: 
hence, large amounts must be administered to be effective. 
The ability of the kidneys to be visualized in radiogra phs is 
improved by the injection of Diodrast. This substance is 
secreted into the tubules and improves contrast by absorbing 
X rays. Many drugs and some hormones are inactivated in 
the liver by chemical transformations and are rapidly cleared 
from the blood by active secretion in the nephrons. 


\ Many antibiotics are secreted by the renal tubules 


Reabsorption of Glucose and Amino Reids 


Glucose and amino acids in the blood are easily filtered by 
the glomeruli into the renal tubules. These molecules, how- 
ever, are usually not present in the urine. It can be con- 
cluded, therefore, that filtered glucose and amino acids are 
normally completely reabsorbed by the nephrons. This oc- 
curs by carrier-mediated active transport processes. 
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Peritubular 
Capillaries 


To renal vein 


(c) 


FIGURE 25.22 

Some of the para-aminohippuric acid (PAH) in glomerular blood 
(a) is filtered into glomerular capsules (b). The PAH present in the 
unfiltered blood is secreted from peritubular capillaries into the 


As described in chapter 5, one of the characteristics 
of carrier-mediated transport is saturation. This means that 
when a transported molecule (such as glucose) is present in 
sufficiently high concentrations, all of the carriers are oc- 
cupied and the transport rate reaches a maximal value. Be- 
yond this rate, called the transport maximum (Ty), further 
increases in concentration will not increase the transport 
rate further. 

The carriers for glucose and amino acids in the renal 
tubules are not normally saturated and so are able to remove 
the filrered molecules completely. The T,, for glucose, for 
example, averages 375 mg per minute, which ts well above 
the rate at which glucose ts delivered to the tubules. The 
rate of glucose delivery can be calculated by mulriplying the 
plasma glucose concentration (about | mg per ml) by the 


Filtration plus secretion 


Filtration 


To peritubular 
capillaries 


Renal artery— 
containing PAH 


Renal vein— 
almost no PAH 


Urine— 
containing almost 
all PAH that was 

in renal artery (d) 


nephron (c), so that all of the blood leaving the kidneys is free of 
PAH (a). Therefore, clearance rate of PAH equals the total plasma 
flow to the glomerull. 


GFR (about 125 ml per minute). Approximately 125 mg per 
minute are thus delivered to the tubules, whereas a rate of 
375 mg per minute is required to reach saturation. 


Glycosuria) When more glucose passes through the tubules 
than can be reabsorbed, glucose appears in the urine ina 
condition called glycosuria (gli “k6-soor ‘e-@). This condition 
occurs when the plasma glucose concentration reaches 
180-200 mg per 100 ml. Since the rate of glucose delivery is 
sll below the average T,, for glucose, one must Gonelude 
that some nephrons have considerably lower T,, values than 
the average. 

The renal plasma threshold is the minimum plasma 
concentration of a substance that results in the excretion of 
that substance in the urine. The renal plasma threshold for 
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glucose, for example, is 180 to 200 mg per 100 ml. Glucose 
is normally absent from urine because plasma glucose con- 
centrations remain below this threshold value. Glycosuria 
occurs only when the plasma glucose concentration is ab- 
normally high (hyperglycemia) and exceeds the renal plasma 
threshold. 

Fasting hyperglycemia is caused by the inadequate se- 
cretion or action of insulin. When hyperglycemia results in 
glycosuria, the disease is called diabetes mellitus. A person 
with uncontrolled diabetes mellitus also excretes a large vol- 
ume of urine because the excreted glucose carries water with 
itas a result of the osmotic pressure it generates in the 
tubules. This condition should not be confused with dia- 
betes insipidus, in which a large volume of dilute urine is 
excreted as a result of inadequate ADH secretion. 


Renal Control of Electrolyte Balance 


Aldosterone stimulates the reabsorption of Na* in exchange for K+ in 
the distal convoluted tubule. Aldosterone thus promotes the renal 
retention of Na* and the excretion of K*. Secretion of aldosterone from 
the adrenal cortex ts stomulated directly by a high blood Kt 
concentration, allowmg the completion of a negative feedback loop. A 
low blood Na* also stemulates aldosterone secretion, but this ts an 


indirect effect that is mediated by the renin-angiotensim system. 


The kidneys help to regulate the concentrations of plasma 
electrolytes—sodium, potassium, chloride, bicarbonate, and 
phosphate—by matching the urinary excretion of these com- 
pounds to the amounts ingested. The control of plasma Na* 
is important in the regulation of blood volume and pressure; 
the control of plasma K* is required to maintain proper func- 


tion of cardiac and skeletal muscles. 


Pole of fldosterone in Nat /A* Balance 


Approximately 90% of the filtered Na* and K* is reabsorbed 
by the proximal tubule cells before the filtrate reaches the 
distal convoluted tubule. This early reabsorption occurs ata 
constant rate and is not subject to hormonal regulation. The 
final concentration of Na* and K* in the urine is varied ac- 
cording to the needs of the body by processes that occur in 
the distal convoluted tubule and in the cortical region of 
the collecting duct (the portion of the collecting duct within 
the renal medulla does not participate in this regulation). 
Renal excretion and retention of Na* and K? are regulated 
by aldosterone, a steroid hormone secreted by the adrenal 


cortex. 


Sodium (Na*) Reabsorption Although 90% of the Na’ pre- 
sent in the filtrate 1s reabsorbed in the proximal convoluted 
tubule, the amount left in the filtrate delivered to the distal 
convoluted tubule ts still quite large. In the absence of al- 
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FIGURE 25.23 


Potassium is almost completely reabsorbed in the proximal 
tubule, but under aldosterone stimulation, it is secreted into the 
distal tubule. All of the K* in urine is derived from secretion rather 
than from filtration. 


dosterone, 80% of this amount is automatically reabsorbed 
through the wall of the distal convoluted tubule into the 
peritubular blood; this is 8% of the amount filtered. The 
amount of Na* excreted without aldosterone is thus 2% of 
the amount filtered. Although this percentage seems small, 
the actual amount of Na’ this represents is an impressive 30 
g per day excreted in the urine. By contrast, when aldos- 
terone is secreted in maximal amounts, all of the Na* de- 
livered to the distal convoluted tubule is reabsorbed. Under 
these conditions, urine contains no Na‘ at all. 


Potassium (K*) Secretion About 90% of the filtered K* is 
reabsorbed in the early regions of the nephron (mainly in 
the proximal convoluted tubule). When aldosterone is ab- 
sent, all of the remaining filtered K* is reabsorbed in the 
distal convoluted tubule. In the absence of aldosterone, 
therefore, no K* is excreted in the urine. The presence of 
aldosterone stimulates the secretion of K* from the per- 
tubular blood into the distal convoluted tubule and cortical 
portion of the collecting duct (fig. 25.23). This aldosterone- 
induced secretion is the only means by which K* can be 
eliminated in the urine. When aldosterone secretion is max- 
imal, as much as 50 times more K* is excreted in the urine, 
because of secretion into the distal convoluted tubule, than 
was originally filtered through the glomeruli. 
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In summary, aldosterone promotes Na* retention and 
K* loss from the blood by stimulating the reabsorption of 
Na* and the secretion of K* across the wall of the distal con- 
voluted tubules and cortical portions of the collecting ducts. 
Since aldosterone promotes the retention of Na’, it con- 
tributes to an increased blood volume and pressure. 


The body cannot get rid of excess K: in the absence of 
aldosterone-stimulated secretion of K* into the distal 
convoluted tubules. Indeed, when both adrenal 
glands are removed from an experimental animal, 
the hyperkalemia (high blood K") that results can produce 
fatal cardiac arrhythmias. Abnormally low plasma K° 
concentrations, as might result from excessive aldosterone 


secretion, can alsu produce arrhythmias, as well as muscle 
weakness 
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FIGURE 25.24 
The juxtaglomerular apparatus (a) includes the region 


the distal 


1 


of contact of the afferent arteriole 
convoluted tubule. The afferent arterioles in this region 
contain granular cells with renin, and the distal 
convoluted tubule cells in contact w th the granular 
cells form an area called the macula densa (b). The 
nervated by 


ale 


granular cells of the afferent arteriole are in 
renal sympathetic nerve fibers 
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Control of Aldosterone Secretion 


Since aldosterone promotes Na* retention and K* loss, one 
might predict (on the basis of negative feedback) shat al- 
dosterone secretion will be increased when there is a low 
Na* ora high K* concentration in the blood. This indeed is 
the case. A rise in blood K* directly stimulates the secretion 
of aldosterone from the adrenal cortex. Decreases in plasma 


Na’ concentrations also promote aldosterone secretion, but 
they do so indirectly. 


Juxtaglomerular Apparatus 9 The juxtaglomerular (juk “st- 
glo-mer ‘yit-lar) apparatus is the region in each neshiron 
Where the atterent arteriole and distal convoluted tubule 
come into contact (fig. 25.24), The Microscopic appearance 


rr-e-Danish Library 


of the afferent arteriole and distal convoluted tubule in this 
small region differs from their appearance in other regions. 
Modified cells in the wall of the afferent arteriole, called 
granular cells, contain the enzyme renin. When the renin is 
released into the blood, it catalyzes the conversion of an- 
giotensinogen (a protein) into angiotensin I (a 10-amino-acid 
polypeptide). 

Secretion of renin into the blood results in the forma- 
tion of angiotensin 1, which is converted to angiotensin II by 
angiotensin-converting enzyme as blood passes through the 
lungs and other organs. Angiotensin IL, in addition to other 
effects (described in chapter 22), stimulates the adrenal cor- 
tex to secrete aldosterone. Secretion of renin from the gran- 
ular cells of the juxtaglomerular apparatus is said to initiate 
the renin-angiotensin-aldosterone system. Conditions that 
result in renin secretion cause increased aldosterone secre- 
tion and, by this means, promote the reabsorption of Na* 
in the distal convoluted tubules. 


Regulation of Renin Secretion A fall in plasma Na* con- 
centration is always accompanied by a fall in blood volume. 
This is because ADH secretion is inhibited by the decreased 
plasma concentration (osmolality). With less ADH, less 
water is reabsorbed through the collecting ducts and more is 
excreted in the urine. The fall in blood volume and the fall 
in renal blood flow that results causes increased renin se- 
cretion. Increased renin secretion is believed to be due in 
part to the direct effect of blood flow on the granular cells, 
which may function as stretch receptors in the afferent ar- 
terioles. Renin secretion is also stimulated by sympathetic 
nerve activity, which is increased when the blood volume 
and pressure fall. 

An increased secretion of renin, via the increased pro- 
duction of angiotensin II, acts to stimulate aldosterone se- 
cretion. Consequently less Na* is excreted in the urine and 
more is retained in the blood. This negative feedback sys- 
tem is illustrated in figure 25.25. 


Role of the Macula Densa_) The region of the distal con- 
voluted tubule in contact with the granular cells of the af- 
ferent arteriole is called the macula densa (see fig. 25.24). 
There is evidence that this region helps to inhibit renin se- 
cretion when the blood Na* concentration is raised. 
According to the proposed mechanism, the cells of 
the macula densa respond to Na‘ within the filtrate deliv- 
ered to the distal convoluted tubule. When the plasma Na’ 
concentration is raised, the rate of Na* delivered to the dis- 
tal convoluted tubule is also increased. Through an eftect on 
the macula densa, this increase in filtered Nat may inhibit 
from secreting renin, Aldosterone secre- 


the granular cells 
tion decreases, and since less Na* is reabsorbed in the distal 


macula densa L. macula, a spot. densitas, thick 
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FIGURE 25.25 


The sequence of events by which a low sodium (salt) intake leads 
to increased sodium reabsorption by the kidneys. The dotted 
arrow and negative sign indicate the completion of the negative 
feedback loop. 


convoluted tubule, more Na’ is excreted in the urine. The 
regulation of renin and aldosterone secretion is summarized 
in table 25.6. 


Natriuretic Hormone Expansion of the blood volume 
causes increased salt and water excretion in the urine. This 
is due in part to an inhibition of aldosterone secretion, as 
previously described. There is much experimental evidence, 
however, that the increased salt excretion that occurs under 
these conditions is due not only to the inhibition of aldo- 
sterone secretion, but also to the increased secretion of an- 
other substance with hormone properties. This other 
substance is called natriuretic (na“trt-yoo-ret ik) hormone 
and ts so named because it stimulates salt excretion (in con- 
trast to the inhibitory action of aldosterone). The source 
and chemical nature of natriuretic hormone remained elu- 
sive for many years, but atis now known that the atria of 
the heart produce a polypepude that appears to fit the de- 
scription of the natriuretic hormone proposed by renal phys- 
iologists. This polypeptide is called atrial natriuretic hormone. 


natriuretic. L. natrium, sodium, urina, urine 
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Increased Increased 


Decreased Decreased 


Relationship between Na*, A*, and A* 


The aldosterone-stimulated reabsorption of Na* in the dis- 
tal convoluted tubules creates a large potential difference 
between the two sides of the tubular wall, with the lumen 
side being very negative (—50 mV) compared to the baso- 
lateral side. The secretion of K* into the tubular fluid is driv- 
en by this electrical gradient. Because of the Na*/K* 
exchange in the distal convoluted tubule, an increase in Na* 
reabsorption in the distal convoluted tubule results in an 
increase in K* secretion. 

Some diuretic drugs inhibit Na* reabsorption in the 
nephron loop and, therefore, increase the delivery of Na* 
to the distal convoluted tubule. As a result, these diuretics 
cause an increased reabsorption of Na* and an increased se- 
cretion of K* in the distal convoluted tubule. People who 
take diuretics, therefore, tend to have excessive K* loss in 
the urine. The actions of different diuretics and their side 
effects on blood K* are discussed in the “Clinical Consid- 


erations” section of this chapter. 
\ result of the K* loss that occurs. If K* secretion into the 
distal convoluted tubules 1s significantly increased, a 
~ condition of hypokalemia (low blood K*) may result, 
which must be compensated for by the increased ingestion of 
K*. People who take diuretics for the treatment of high blood 
pressure are usually on a low-sodium diet and often must 
supplement their meals with potassium chloride (KCI) 


Complications may arise from the use of diuretics as a 


The plasma K* concentration indirectly affects the 
plasma H* concentration (pH). Changes in plasma pH likewise 
affect the K* concentration of the blood. These effects serve to 
stabilize the ratio of K* to H*. When the extracellular H* con- 
centration increases, for example, some of the H* moves into 


hypokalemia: Gk hypo, under: L. ka/ium, potassium 
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Low blood volume stimulates renal stretch receptors; granular 
cells release renin. 


Increased blood volume inhibits stretch receptors; incr 
Nat in distal convoluted tubule acts via macula densa tc 


inhibit release of renin from granular cells. = 


the tissue cells and causes cellular K* to diffuse outward into 
the extracellular fluid. The plasma concentration of H’* is thus 
decreased while the K* increases, helping to reestablish the 
proper ratio of these ions in the extracellular fluid. A similar ef- 
fect occurs in the cells of the distal region of the nephron. 

In the cells of the late distal convoluted tubule and 
cortical collecting duct, positively charged ions (K* and 
H*) are secreted in response to the negative polarity pro- 
duced by reabsorption of Na* (fig. 25.26). When a person 
has severe acidosis, an increased amount of H* secretion 
occurs at the expense of a decrease in the amount of K* se- 
creted. Acidosis may thus be accompanied by a rise in blood 
K*. If, on the other hand, hyperkalemia is the primary prob- 
lem, there is an increased secretion of K* and a decreased se- 
cretion of H*. Hyperkalemia can therefore cause an increase 
in the blood concentration of H* and acidosis. 


<a Aldosterone stimulates the secretion of H* as well as K* 
A into the distal convoluted tubules. Therefore, abnormally 
high aldosterone secretion, as occurs in primary 
aldosteronism, or Conn‘s syndrome, results in both 
hypokalemia and metabolic alkalosis. Conversely, abnormally low 


aldosterone secretion, as occurs in Addison's disease. can produce 
hyperkalemia, which is accompanied by metabolic acidosis 


A 


Through their excretion of H* and their reabsorption of HCO ¢-, the 
kidneys are responsible for the metabolic component of acid-base 
regulatory systems in the body 


Normal arterial blood has a pH of 7.35 to 7.45. It should be 


recalled that the pH number ts inversely related to the H’ 


Addison's disease: from Christopher Addison, English anatomist, 1869-1951 
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FIGURE 25.26 

In the distal convoluted tubule, K* and H * are secreted in 
exchange for Na*. High concentrations of H* may therefore 
decrease K* secretion, and vice versa. 


concentration. An increase in H* derived from carbonic 
acid or the nonvolatile metabolic acids can lower blood pH. 
With an increase in H* derived from metabolic acids, how- 
ever, the blood pH is normally not changed. In the latter 
case, bicarbonate buffer (chapter 24) combines with and 
thus removes the excess H* from solution. 


Respiratory and Metabolic Components of the 
Regulation of Reid-Base Balance 


The regulation of acid-base balance has both respiratory and 
metabolic components. The respiratory component refers to 
the effect of ventilation on arterial Peo, and thus on the pro- 
duction of carbonic acid (H2CO3). The metabolic component 
refers to the effect of nonvolatile metabolic acids—lactic acid, 
fatty acids, and ketone bodies—on blood pH. Since these acids 
are normally buffered by bicarbonate (HCOs ), the metabolic 
component can he described in terms of the free HCO; con- 
centration. An increase in metabolic acids uses up tree bicar- 
bonate, as HCO; is converted to HCO), and is thus associated 
with a fall in plasma HCO3;" concentrations. A decrease in 


Distal tubule 


Collecting 
duct 


metabolic acids, conversely, is associated with a rise in free 
HCO;. 

Since the respiratory component of acid-base balance 
is represented by the plasma CO) concentration and the 
metabolic component is represented by the free bicarbon- 
ate concentration, the study of acid-base balance can be 
considerably simplified. A normal arterial pH is obtained 
when both the lungs and kidneys are functioning correctly, 
and when the ratio of bicarbonate to CO) is normal. Indeed, 
given the bicarbonate and CO; concentrations, the pH can 
be calculated using the Henderson—Hasselbalch equation 
(the CO? concentration is obtained indirectly by measur- 
ing the plasma Pco, with an electrode): 


{HCO;] 


ICO}] 


A normal pH is obtained when the ratio of bicarbonate 
to CO; is 20 to 1. A change in this ratio results in an abnormal 


pH = 6.1 + log 


Henderson-Hasselbalch equation: from Lawrence Joseph Henderson, American 
chemist, 1878-1942, and Karl A. Hasselbalch, Dutch scientist, 1874-1962 
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HCO; Condition 


Nal 


blood pH. Pure respiratory acidosis or alkalosis occurs when 
the HCO;~ concentration is normal but the Peo, and 
H2CO; concentrations are altered. Pure metabolic acidosis 
or alkalosis occurs when the Peo, and HzCO; are normal 
but the HCO3~ concentration is abnormal. This classifica- 
tion is summarized in table 25.7. 


Mechanisms of Renal Acid-Fase Regulation 


The kidneys help to regulate the blood pH by their excretion 
of H* in the urine and by their reabsorption of bicarbonate. 
These two mechanisms are interdependent—the reabsorp- 
tion of bicarbonate occurs as a result of the filtration and 
secretion of H*. The kidneys normally reabsorb all of the 
filtered bicarbonate and excrete H*. Normal urine, there- 
fore, is free of bicarbonate and is slightly acidic (with a pH 
range between 5 and 7). 


Reabsorption of Bicarbonate in the Proximal Convoluted 
Tubule = The apical membranes of the tubule cells (facing 
the lumen) are impermeable to bicarbonate. The reabsorption 
of bicarbonate must therefore occur indirectly. When the 
urine is acidic, HCO; combines with H* to form carbonic 
acid. Carbonic acid in the filtrate is then converted to CO; 
and H;O by the action of carbonic anhydrase. This enzyme 
is located in the apical cell membrane of the proximal con- 
voluted tubule in contact with the filtrate. Notice that the re- 
action that occurs in the filtrate is the same one that occurs 
within the red blood cells in pulmonary capillaries (discussed 
in chapter 24). 

The tubule cell cytoplasm also contains carbonic an- 
hydrase. Under the conditions of high CO; that prevail 
within the cytoplasm, carbonic anhydrase catalyzes the re- 
verse reaction (similar to that which occurs within red blood 
cells in tissue capillaries). The CO) that enters the tubule 
cell is converted to carbonic acid, which in turn dissociates 
to HCO; and H’ within the tubule cell. The bicarbonate 
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Causes 


FIGURE 25.27 


The mechanism of bicarbonate reabsorption. Through this 
mechanism, the cells of the proximal convoluted tubule can 
reabsorb bicarbonate while secreting H*. (CA = carbonic 
anhydrase.) 


within the tubule cell can then diffuse through the basolat- 
eral membrane and enter the blood (fig. 25.27). Under nor- 
mal conditions, the same amount of HCO, passes into the 
blood as was removed from the filtrate. The H*, which was 
produced at the same time as HCO}7 in the cytoplasm of 
the tubule cell, can either pass back into the filtrate or pass 
into the blood. Under acidotic conditions, almost all of the 
H* goes back into the filtrate and is used to help reabsorb 
all of the filtered bicarbonate. 

During alkalosis, less H* is secreted into the filtrate. 
Since the reabsorption of filtered bicarbonate requires the 
combination of HCO, with H* to form carbonic acid, less 
bicarbonate is reabsorbed. This results in urinary excretion 


of bicarbonate, which helps to partially compensate for the 
alkalosis. 


Table 0.0 Categories of disturbances in acid-base balance, including those 
____ that involve both respiratory and metabolic components 


Less than 21 
Combined metabolic and respiratory acidosis 


In this way, disturbances in acid-base balance caused by 
respiratory problems can be partially compensated for by 
changes in plasma bicarbonate concentrations. Metabolic aci- 
dosis or alkalosis—in which changes in bicarbonate concen- 
trations occur as the primary disturbance—can be similarly 
compensated for, in part by changes in ventilation. These in- 
teractions of the respiratory and metabolic components in 
the regulation acid-base balance are shown in table 25.8. 


mountains, they hyperventilate, as discussed in 
chapter 24. This lowers the arterial Peo, and produces 
a respiratory alkalosis. The kidneys participate in this 
acclimatization by excreting a larger amount of bicarbonate, 
which helps to partially compensate for the alkalosis and 
bring the pH back down toward normal. It is interesting in this 
regard that the drug acetazolamide, which inhibits renal 
carbonic anhydrase, is often used to treat acute mountain 
sickness (AMS; see chapter 24). The inhibition of renal 
carbonic anhydrase causes the loss of bicarbonate and water 
in the urine, producing a metabolic acidosis and diuresis, 
which apparently help to alleviate the symptoms of AMS. 


\ When people go to the high elevations of the 


] 


Urinary Buffers When a person has a blood pH of less than 
7.35 (acidosis), the urine pH almost always falls below 5.5. 
The nephron, however, cannot produce a urine pH that is 
significantly less than 4.5. In order for more H* to be ex- 
creted, the acid must be buffered. Actually, even in normal 
urine most of the H* excreted is in a buffered form. Bicar- 
bonate cannot serve this function because it is normally 
completely reabsorbed. Instead, the buffering action of phos- 
phates (mainly HPO4-*) and ammonia (NH3) provide the 
means for excreting most of the H? in the urine. Phosphate 
enters the urine by filtration. Ammonia (whose presence is 
strongly evident in a diaper pail or kitty litter box) is pro- 
duced in the tubule cells by deamination of amino acids. 
These molecules buffer H’ as described in the following 
equations: 
NH, + Ht ———> NH,* (ammonium ion) 


HPO,-? + H* ——— HPO, 
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More than 26 
Metabolic alkalosis and 


i..° Dind 


Ureters, Urinary B 


OEr, 


and Urethra | 


Urine ts channeled from the kidneys to the urmary bladder by the 
ureters and expelled from the body through the urethra. The mucosa of 
the urmary bladder permits distension, and the muscles of the urinary 
bladder and urethra are used m the control of micturition. 


Ureters 


The ureters, like the kidneys, are retroperitoneal. Each 
ureter is a tubular organ about 25 cm (10 in.) long that 
begins at the renal pelvis and courses inferiorly to enter 
the urinary bladder at the superior lateral angle of its base. 
The ureter is thickest—approximately 1.7 cm (0.5 in.) in 
diameter—near where it enters the urinary bladder. 

The wall of the ureter consists of three layers, or tu- 
nics. The inner mucosa is continuous with the linings of 
the renal tubules and the urinary bladder. The mucosa con- 
sists of transitional epithelium (fig. 25.28). The cells of this 
layer secrete a mucus that coats the walls of the ureter with 
a protective film. The middle layer of the ureter is called 
the muscularis. It consists of an inner longitudinal and an 
outer circular layer of smooth muscle. In addition, the lower 
third of the ureter contains another longitudinal layer to 
the outside of the circular layer. Muscular peristaltic waves 
move the urine through the ureter. The peristaltic waves are 
initiated by the presence of urine in the renal pelvis, and 
their frequency is determined by the volume of urine. The 
waves force urine through the ureter and cause it to spurt 
into the urinary bladder. The outer layer of the ureter is 
called the adventitia. The adventitia is composed of loose 
connective tissue that not only covers the ureter but has ex- 
tensions that anchor it in place. 
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FIGURE 25.28 


A photomicrograph of the ureter in transverse section. 


= A calculus, or renal stone, may obstruct the ureter 
and greatly increase the frequency of peristaltic 
waves in an attempt to pass the stone. The pain from 
a lodged calculus is extreme and extends throughout 
the pelvic area. A lodged calculus also causes a sympathetic 
ureterorenal reflex that results in constriction of renal 
arterioles, thus reducing the production of urine in the kidney 
on the affected side. 


Urinary Bladder 


The urinary bladder is a storage sac for urine. It is located 
posterior to the symphysis pubis and anterior to the rectum. 
In females, the urinary bladder is in contact with the uterus 
and vagina. In males, the prostate is positioned below the 
urinary bladder (fig. 25.29). 

The shape of the urinary bladder is determined by the 
volume of urine it contains. An empty urinary bladder is 
pyramidal in shape. As the urinary bladder fills, it loses its 
pyramidal shape and becomes ovoid as the superior surface 
enlarges and bulges upward into the abdominal cavity. The 
apex of the urinary bladder is superior to the symphysis pubis 
and is secured to the median umbilical ligament by a fibrous 
cord called the urachus. The base of the urinary bladder re- 
ceives the ureters along the superolateral angles, and the ure- 
thra exits at the neck. The urethra is a tubular continuation 
of the neck of the urinary bladder. 

The wall of the urinary bladder consists of four layers: the 
mucosa, submucosa, muscularis, and serosa (adventitia). The 
mucosa is composed of transitional epithelium that decreases in 
thickness as the urinary bladder distends and the cells are 
stretched. Further distension is permitted by folds of the mu- 
cosa, called rugae, which can be seen when the urinary blad- 
der is empty. Fleshy flaps of mucosa located where the ureters 
pierce into the urinary bladder act as valves over the openings 


calculus: L. ca/cu/us, small stone 


of the ureters to prevent a reverse flow of urine toward the 
kidneys as the urinary bladder fills. A triangular area known as 
the trigone (tr! gon) is formed on the mucosa between the 
two ureter openings and the single urethral opening (fig. 
25.29). The internal trigone lacks rugae and is therefore 
smooth in appearance and remains relatively fixed in posi- 
tion as the urinary bladder changes shape during distension 
and contraction. 

The second layer of the urinary bladder, the submu- 
cosa, functions to support the mucosa. The muscularis con- 
sists of three interlaced smooth muscle layers and is referred 
to as the detrusor muscle. At the neck of the urinary blad- 
der, the detrusor muscle is modified to form the upper (the 
internal) of two muscular sphincters surrounding the ure- 
thra. The outer covering of the urinary bladder is the ad- 
ventitia. It appears only on the superior surface of the urinary 
bladder and is actually a continuation of the peritoneum. 


4 The urinary bladder becomes infected easily, and 
because a woman's urethra is so much shorter than a 
man’s, women are particularly susceptible to these 
infections. A urinary bladder infection, called cystitis, 
may easily ascend from the unnary bladder to the ureters 
since the mucous linings are continuous. An infection that 
involves the renal pelvis is called pyelitis; if it continues into 
the nephrons, it is known as nephritis. 


Urethra 


The tubular urethra conveys urine from the urinary blad- 
der to the outside of the body. The urethral wall has an in- 
side lining of mucous membrane surrounded by a relatively 
thick layer of smooth muscle, the fibers of which are directed 
longitudinally. Specialized urethral glands embedded in the 
urethral wall secrete mucus into the urethral canal. 

Two muscular sphincters surround the urethra (fig. 
25.29). The upper, involuntary smooth muscle sphincter is 
the internal urethral sphincter, which is formed from the 
detrusor muscle of the urinary bladder. The lower sphincter 
is composed of voluntary, skeletal muscle fibers and is called 
the external urethral sphincter. 

The urethra of the female is a simple tube about 4. cm 
(1.5 in.) long that empties urine through the urethral orifice 
into the vestibule between the labia minora. The urethral 
orifice is positioned anterior to the vaginal orifice and about 
2.5 cm posterior to the clitoris. 

The urethra of the male serves both the urinary and re- 
productive systems. It is about 20 cm (8 in.) long and S-shaped 
because of the shape of the penis. Three regions can be identi- 
fied (fig. 25.29). The prostatic urethra is the proximal portion, 
about 2.5 cm long, that passes through the prostate located near 
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the neck of the urinary bladder. The membranous urethra is 
the short (0.5 cm) portion of the urethra that passes through 
the urogenital diaphragm. The spongy urethra Is the longest 
portion (15 cm), extending from the outer edge of the urogen- 
ital diaphragm to the extemal urethral orifice on the glans penis. 
This portion is surrounded by erectile tissue as It passes through 
the corpus spongiosum of the penis. The paired ducts of the bul- 
bourethral glands (Cowper's glands) of the reproductive sys- 
tem attach to the spongy urethra near the urogenital diaphragm. 


Cowper's glands: trom William Cowper, English surgeon, 1666-1 709 
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FIGURE 25.29 


A longitudinal section of (a) the male urethra and (b) the female 
urethra. 


Micturition 


Micturition (mik “ti-rish‘un), commonly called urination or 
voiding, is a reflex action that expels urine from the urinary 
bladder. It is a complex function that requires a stimulus 
from the urinary bladder and a combination of involuntary 
and voluntary nerve impulses to the appropriate muscular 
structures of the urinary bladder and urethra. 

In young children, micturition is a simple reflex action 
that occurs when the urinary bladder becomes sufficiently 
distended. Voluntary control of micturition is normally es- 
tablished when a child is 2 or 3 years old. Voluntary control 
requires the development of inhibitory functioning by the 
cerebral cortex and a maturing of various portions of the 
spinal cord. The volume of urine produced by an adult av- 
erages about 1200 ml per day, but it can vary from 600 to 
2500 ml. The average capacity of the urinary bladder is 700 
to 800 ml. A volume of 200 to 300 ml will distend the urinary 
bladder enough to stimulate stretch receptors and trigger the 
micturition reflex, creating a desire to urinate. 

The micturition reflex center is located in the second, 
third, and fourth sacral segments of the spinal cord. Following 
stimulation of this center by impulses arising from stretch re- 
ceptors in the urinary bladder, parasympathetic nerves that stim- 
ulate the detrusor muscle and the internal urethral sphincter 
are activated. Stimulation of these muscles causes a rhythmic 
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micturition: L. micturire, to urinate 
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Development of the Urinary System 


~~ 


The urinary and 

reproductive systems 
originate from a specialized elevation of 
mesodermal tissue called the urogenital 
ridge. The two systems share common 
structures for part of the developmental 
period, but by the time of birth two 
separate systems have formed. The 
separation in the male is not totally 
complete, however, since the urethra 


serves to transport both urine and semen. 


The development of both systems is 
initiated during the embryonic stage, but 
the development of the urinary system 
‘starts and ends sooner than that of the 
reproductive system. 

Three successive types of kidneys 
develop in the human embryo: the 
pronephros, mesonephros, and 
metanephros (fig. 1). The metanephric 


kidney remains as the permanent kidney. 


The pronephros (pro-nef tos) 
develops during the fourth week after 
conception and persists only through the 
sixth week. It is the most superior in 
position on the urogenital ridge of the 
three kidneys and is connected to the 
embryonic cloaca by the pronephric 


duct. Although the pronephros is 
nonfunctional and degenerates in 
humans, most of its duct is used by the 
mesonephric kidney (fig. 1), and a 
portion of it is important in the formation 
of the metanephros. 

The mesonephros (mez ~~-nef ros) 
develops toward the end of the fourth 
week as the pronephros degenerates. 
The mesonephros forms from an 
intermediate portion of the urogenital 
ridge and functions throughout the 
embryonic period of development. 

Although the metanephros (met “G- 
nef‘ras) begins its formation during the 
fifth week, it does not become functional 
until immediately before the start of the 
fetal stage of development at the end of 
the eighth week. The paired metanephric 
kidneys produce urine throughout fetal 
development. The urine is expelled 
through the urinary system into the 
amniotic fluid. 

The tubular drainage portion of the 
kidneys forms as a diverticulum emerges 
from the wall of the mesonephric duct 
near the cloaca. This outpouching 
expands into the metanephrogenic mass 


iff NDE IDE NEON 
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to form the drainage pathway for urine 
(fig. 1d). The stalk of the diverticulum 
develops into the ureter, whereas the 
expanded terminal portion forms the 
renal pelvis, calyces, and collecting 
tubules. Once the metanephric kidneys 
are formed, they begin to migrate from 
the pelvis to the upper, posterior portion 
of the abdomen. The renal blood supply 
develops as the kidneys become 
positioned in the posterior body wall. 

The urinary bladder develops from 
the urogenital sinus, which is connected 
to the embryonic umbilical cord by the 
fetal membrane called the allantois (fig. 
1b). By the twelfth week, the two ureters 
are emptying into the urinary bladder, 
the urethra is draining, and the 
connection of the urinary bladder to the 
allantois has been reduced to a 
supporting structure. 


pronephros: Gk. pro, before; nephros, kidney 
cloaca: L. cloaca, sewer 


contraction of the urinary bladder wall and a relaxation of the in- 


4 Urinary incontinence, or the inability to void, may 
occur postoperatively, especially following surgery of 


ternal urethral sphincter. At this point, a sensation of urgency is 
perceived in the brain, but there ts stall voluntary control over 
the external urethral sphincter. At the appropriate time, the 
conscious activity of the brain activates the motor nerve fibers 
(S4) to the external urethral sphincter via the pudendal nerve 
(S2, $3, and $4), causing the sphincter to relax and urination to 
occur. The micturition process iy summarized in table 25.9. 


the rectum, colon, or internal reproductive organs 

The difficulty may be due to nervous tension, the 
effects of anesthetics, or pain and edema at the site of the 
operauon. If urine is retained beyond 6 to B hours, 
catheterization may become necessary. In this procedure, a 
tube or catheter is passed through the urethra into the urinary 
bladder so that urine can flow freely 
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FIGURE 1 

Development of the unnary system. (a. b) relauonship between the urine collection system 
Transverse section of embryo at 5 weeks. At6 weeks (gray) and the tissue derived from the 

(c) lhe metanephnic kidney is forming. (d) A sagittal metanephrogenic mass. 


section of the kidney with magnified view shows the 


concerned with dysfunctions of the urinary system. Urinary 
ptm d HL. idanat dysfunctions can be congenital or acquired; they may result 

| I] | mi} ! SiUeld lOns from physical trauma or from conditions that secondarily 
i I p 


U 
involve the urinary organs. 


The importance of kidney function in maintaining home- 


he collected and Use of Duretics 


il composition make 


ostasis and the ease with which urine can 
used as a mirror of the plasma’s chemici People who need to lower their blood volume because of hy- 
the clinical study of renal function and urine Composition nafrensigni-eaniseaive heart fallane- eee tle well 
particularly significant. Urology 1s the medical speciality tions that increase the volume of urine excreted. Such 
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medications are called diuretics. The various diuretic drugs 
in clinical use act on the nephron in different ways (table 
25.10). Based on their chemical structure or aspects of their 
actions, commonly used diuretics are categorized as carbonic 
acid inhibitors, loop diuretics, thiazides, osmotic diuretics, or 
potassium-sparing diuretics. 

The most powerful diuretics, inhibiting salt and water 
reabsorption by as much as 25%, are the drugs that act to 
inhibit active salt transport out of the ascending limb of the 
nephron loop. Examples of these nephron loop diuretics 
include furosemide and ethacrynic acid. The thiazide diuretics, 
such as hydrochlorothiazide, inhibit salt and water reabsorp- 


2. Stretch receptors in the bladder wall are stimulated, and 
impulses are sent to the micturition center in the spinal cord. 


3. Parasympathetic nerve impulses travel to the detrusor muscle 
and the internal urethral sphincter. 


4. The detrusor muscle contracts rhythmically, and the internal 
urethral sphincter relaxes. 


5. The need to urinate is sensed as urgent. 


6. Urination is prevented by voluntary contraction ofthe external 
cter and by inhibition of the micturition reflex by 


tion by as much as 8% through inhibition of salt transport by 
the first segment of the distal convoluted tubule. The car- 
bonic anhydrase inhibitors (acetazolamide) are much weaker 
diuretics and act primarily in the proximal convoluted tubule 
to prevent the water reabsorption that occurs when bicar- 
bonate is reabsorbed. 

When extra solutes are present in the filtrate, they in- 
crease the osmotic pressure of the filtrate and in this way 
decrease the osmotic reabsorption of water throughout the 
nephron. Mannitol is sometimes used clinically for this pur- 
pose. Osmotic diuresis can occur in diabetes mellitus due to 
the presence of glucose in the filtrate and urine; this extra 
solute causes the excretion of excessive amounts of water in 
the urine and can result in severe dehydration of a person 
with uncontrolled diabetes. 

The previously mentioned diuretics can, as discussed 
earlier, result in the excessive secretion of K* into the filtrate 
and its excessive elimination in the urine. For this reason, 
potassium-sparing diuretics are sometimes used. Spironolac- 
tones are aldosterone antagonists that compete with aldos- 
terone for cytoplasmic receptor proteins in the cells of the 
late distal convoluted tubule. These drugs, therefore, block 
the aldosterone stimulation of Na* reabsorption and K* se- 
cretion. Triamterene is a different type of potassium-sparing 
diuretic that appears to act more directly on the Na*/K* 
pumps in the distal convoluted tubule. 


symptoms and Dragnosis of Urinary Disorders 


Normal micturition is painless. Dysuria (dis-yur‘e-a), or 
painful urination, is a sign of a urinary tract infection or ob- 
struction of the urethra—as in an enlarged prostate in a 
male. Hematuria means blood in the urine and is usually 
associated with trauma. Bacteriuria means bacteria in the 
urine, and pyuria is the term for pus in the urine, which may 
result from a prolonged infection. Oliguria is an insufficient 
output of urine, whereas polyuria is an excessive output. 


Category of diureti Example Mechanism of action Major site of action 
Carbonic anhydrase inhibitors Acetazolamide Inhibits reabsorption of bicarbonate Proximal convoluted tubule 
~ Loop diuretics Furosemide Inhibits Na* transport Thick segments of ascending limbs 
\ Thiazides: Hydrochlorothiazide Inhibits Na* transport — Last part of ascending limb and first 
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Low blood pressure and kidney failure are two causes of olig- 
uria. Uremia is a condition in which substances ordinarily 
excreted in the urine accumulate in the blood. Enuresis 
(en “‘yit-re ‘sis), or incontinence, is the inability to control 
micturition. It may be caused by psychological factors or by 
structural impairment. 

The palpation and inspection of urinary organs is an 
important aspect of physical assessment. The right kidney 
is palpable in the supine position; the left kidney usually is 
not. The distended urinary bladder is palpable along the su- 
perior pelvic rim. 

The urinary system may be examined using radio- 
graphic techniques. An intravenous pyelogram (IVP) per- 
mits radiographic examination of the kidneys following the 
injection of radiopaque dye. In this procedure, the dye that 
has been injected intravenously is excreted by the kidneys so 
that the renal pelvises and the outlines of the ureters and 
urinary bladder can be observed in a radiograph. 

Cystoscopy (st-stos ko-pe) is the inspection of the in- 
side of the urinary bladder by means of an instrument called 
a cystoscope. With this technique, tissue samples can be ob- 
tained, as well as urine samples from each kidney prior to 
mixing in the urinary bladder. Once the cystoscope is in the 
urinary bladder, the ureters and pelvis can be viewed through 
urethral catheterization and inspected for obstructions. A 
renal biopsy 1s a diagnostic test for evaluating certain types 
and stages of kidney diseases. The biopsy is performed ei- 
ther through a skin puncture (closed biopsy) or through a 
surgical incision (open biopsy). 

In an urinalysis, the voided urine specimen is tested for 
color, specific gravity, chemical composition, and for the pres- 
ence of microscopic bacteria, crystals, and casts. Casts are ac- 
cumulations of proteins that leaked through the glomeruli 
and were pushed through the tubules like toothpaste through 
a tube. Casts may contain inclusions of red blood cells, white 
blood cells, bacteria, and other substances. Casts containing 
red blood cells are diagnostic of glomerulonephritis. 


Infections of Urinary Organs 


Urinary tract infections are a significant cause of illness and 
are also a major factor in the development of chronic renal 
failure. Females are more predisposed to urinary tract infec- 
tions than are males, and the incidence of infection increases 
directly with sexual activity and aging. The higher infec- 
tion rate in females has been attributed to a shorter urethra, 
which is in close proximity to the rectum, and to the lack of 
protection provided by prostatic secretions in males. To re- 
duce the risk of urinary infections, a female should wipe her 


anal region ina postertor direction, away from the urethral 


orifice, after a bowel movement. 
Infections of the urinary tract are named according to 


the infected organ. An infection of the urethra is called ure- 
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thritis and involvement of the urinary bladder is cystitis. 
Cystitis is frequently a secondary infection from some other 
part of the urinary tract. 

Nephritis 1s inflammation of the kidney tissue. Glo- 
merulonephritis (glo-mer “yii-lo-né-fri tis) is inflammation 
of the glomeruli. Glomerulonephritis frequently occurs fol- 
lowing an upper respiratory tract infection because anti- 
bodies produced against streptococci bacteria can produce an 
autoimmune inflammation in the glomeruli. This intlam- 
mation may permanently change the glomeruli and figure 
significantly in the development of chronic renal disease 
and renal failure. 

Any interference with the normal flow of urine, such as 
from a renal stone or an enlarged prostate in a male, causes 
stagnation of urine in the renal pelvis and the development 
of pyelitis. Pyelitis is an inflammation of the renal pelvis 
and its calyces. Pyelonephritis is inflammation involving 
the renal pelvis, the calyces, and the tubules of the nephron 
within one or both kidneys. Bacterial invasion from the 
blood or from the lower urinary tract is another cause of 
both pyelitis and pyelonephritis. 


Trauma to Urinary Organs 


A sharp blow to a lumbar region of the back may cause a 
contusion or rupture of a kidney. Symptoms of kidney trauma 
include hematuria and pain in the upper abdominal quadrant 
and flank on the injured side. 

Pelvic fractures from accidents may result in perfora- 
tion of the urinary bladder and urethral tearing. When driv- 
ing an automobile, it is advisable to stop periodically to 
urinate because an attached seat belt over the region of a 
full urinary bladder can cause it to rupture in even a rela- 
tively minor accident. Urethral injuries are more common in 
men than in women because of the position of the urethra in 
the penis. In a “straddle” injury, for example, a man walk- 
ing along a raised beam may slip and compress his urethra 
and penis between the hard surface and his pubic arch, rup- 
turing the urethra. 


Obstruction § The urinary system can become obstructed 
anywhere along the tract. Calculi (stones) are the most 
common cause, but blockage can also come from trauma, 
strictures, tumors or cysts, spasms or kinks of the ureters, or 
congenital anomalies. If not corrected, an obstruction 
causes urine to collect behind the blockage and generate 
pressure that may cause permanent functional and 
anatomic damage to one or both kidneys. As a result of 
pressure buildup in a ureter, a distended ureter, or hy- 
droureter, develops. Dilation in the renal pelvis is called 
hydronephrosis. 

Calculi, or renal stones, are generally the result of in- 
fections or metabolic disorders that cause the excretion of 
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FIGURE 25.30 


A diagram of a hemodialysis 
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large amounts of organic and inorganic substances. As the 
urine hecomes concentrated, these substances may crystallize 
and form granules. The granules then serve as cores for fur- 
ther precipitation and development of larger calculi. This 
becomes dangerous when a calculus grows large enough to 
cause an obstruction. It also causes intense pain when it 


passes through the urinary tract. 


Renal Failure An output of 50 to 60 ce of urine per hour 
is considered normal, and an output of less than 30 ce per 
hour may indicate renal failure. Renal failure ts the loss of 
the kidney’s ability to maintain fluid and electrolyte bal- 
ance and to excrete waste products. 

Renal failure can be either acute or chronic. Acute 
renal failure is the sudden loss of kidney function caused by 
shock and hemorrhage, thrombosis, or other physical trauma 
to the kidneys. The kidneys may sustain a 90% loss of their 
nephrons through tissue death and sull continue to fune- 
tion without apparent difficulty. Ifa patient suffering acute 
renal failure ts stabilized, the nephrons have an excellent 
capacity to revenerate. 

A person with chronic renal failure cannot sustain life 
independently. Chronic renal failure as the end result of 
kidney disease in which the kidney tissue ty progressively de- 
stroyed. As renal tissue continues tO detertorate, the options 
for sustaining life are hemodialysis or kidney transplantation. 
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Hemodialysis Hemodialysis equipment (fig. 25.30) is de- 
signed to filter the wastes from the blood of a patient who 
has chronic renal failure. During hemodialysis, the blood of 
a patient is pumped through a tube from the radial artery. 
In the machine, a semipermeable cellophane membrane 
separates the blood from an isotonic solution containing 
molecules needed by the body (such as glucose). Ina 
process called dialysis, waste products diffuse out of the 
blood through the membrane while glucose and other mol- 
ecules needed by the body remain in the blood. After it 
has been cleansed, the blood is returned to the body 
through a vein. 

More recent hemodialysis techniques include the use of 
the patient's own peritoneal membranes (which line the ab- 
dominal cavity—see chapter 26) tor dialysis. Dialysis fluid is 
introduced into the peritoneal cavity, and then, after a pe- 
riod of time, discarded after wastes have accumulated. This 
procedure, called continuous ambulatory peritoneal dialysis 
(CAPD), can he performed several times a day by the pa- 
nents themselves on an outpatient basis. . 

Patients with kidney failure who are on hemodialysis 
frequently suffer from anemia. This is due to the lack of the 
hormone erythropoietin, secreted by the normal kidneys, 
which stimulates red blood cell production in the bone mar- 
row (chapter 20). Such patients are now given recombinant 
erythropoietin produced by genetic engineering techniques. 
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Interactions of the Urinary System 


with Other Body Systems 


integumentary System 

© Covers and protects the body from excessive fluid 
loss 

© Provides for evaporative water loss 

© Maintains blood volume and pressure, blood pH 
and electrolyte levels, and eliminates metabolic 
wastes 


Skeletal System 
© Supports and protects some organs of urinary 


e Stores calcium and phosphate ions 
e Maintains blood volume and pressure, blood pH 
and electrolyte levels, and eliminates metabolic 
wastes 


Muscular System 

¢ Supports and protects some organs of urinary 
system 

¢ Assists storage and voiding of urine 

© Maintains blood volume and pressure, blood pH 
and electrolyte levels, and eliminates metabolic 
wastes 


Nervous System 

© Provides autonomic innervation to urinary system 

© Provides motor control of micturition 

© Maintains blood volume and pressure, blood pH 
and electrolyte levels, and eliminates metabolic 
wastes 


Endocrine System 

© Antidiuretic hormone and aldosterone help 
regulate renal reabsorption of water and 
electrolytes 


¢ Maintains blood volume and pressure, blood pH and 
electrolyte | , and eliminates metabolic wastes 
e Kidneys pro the hormone erythropoietin 


Circulatory System 

© Transports oxygen and nutrients to urinary system 
and removes wastes 

© Heart secretes atrial natriuretic hormone 

e Kidneys filter the blood and remove wastes while 
regulating blood volume and composition 


Lymphatic System 

¢ Protects urinary tract against infections 

© Maintains balance of interstitial fluid 

© Kidneys filter the blood and remove wastes while 
regulating blood volume and composition 


Respiratory System 

© Provides oxygen and eliminates carbon dioxide 

° Kidneys filter the blood and remove wastes while 
regulating blood volume and composition 


Digestive System 

Provides nutrients for tissues of urinary system 

© Kidneys filter the blood and remove wastes while 
regulating blood volume and composition 


Reproductive System 

© Reproductive organ (penis) provides for passage 
of urethra in male 

¢ Kidneys filter the blood and remove wastes while 
regulating blood volume and composition 
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(pp. 728-731) 


1. The urinary system consists of two 
kidneys, two ureters, the urinary bladder, 


and the urethra. 


. The urinary system maintains the 
composition and properties of the body 


fluid, which establishes the internal 
environment of the body cells. The end 
Product of the urinary system is urine, 
which is voided from the body through 
the urethra. 


. The gross structure of the kidney includes 


the renal pelvis, calyces, renal medulla, 
and renal cortex. 


a. The renal medulla is composed of the 


renal pyramids, which are separated 
by renal columns. 


b. The renal pyramids empty urine into 


the calyces, which drain into the renal 
pelvis and out the ureter. 


. Each kidney contains more than a million 
microscopic functional units called 
nephrons, nephrons have vascular and 
tubular components. 

a. Acapillary bed, the glomerulus, 


produces a filtrate that enters the first 
part of the nephron tubule, known as 
the glomerular (Bowman's) capsule. 


. Filtrate from the glomerular capsule 


enters. in turn, the proximal 
convoluted tubule, nephron loop (loop 
of Henle), distal convoluted tubule, 
and collecting duct. 


. The glomerulus, proximal convoluted 


tubule, and distal convoluted tubule 
are located in the renal cortex, the 
nephron loop can descend into the 
renal medulla. 

The collecting ducts descend from the 
renal cortex through the renal medulla 
to empty their contents of urine into 
the calyces. 


Glomerular Filtration (pp. 731-734) 


A filtrate derived from plasma in the 
glomerulus must pass through the inner 
layer of the glomerular capsule 

a. The glomerular ultrafiltrate 1s formed 


under the force of blood pressure and 
has a low protein concentration. 

The glomerular filtration rate (GFR) is 
the volume of filtrate produced per 
minute by both kidneys, it ranges from 
115 10 125 ml per min 


2. The GFR can be regulated by constriction 
or dilation of the afferent arterioles 


Reabsorption of Salt and Water 
(pp. 734-742) 


ii; 


2. 


Approximately 65% of the filtered salt and 
water is reabsorbed across the proximal 


convoluted tubules. 
a. Nat is actively transported and CI- 


follows, going from the filtrate into the 


blood in the peritubular capillaries. 


b. Water follows the NaCl by osmosis, so 


that the volume is reduced but the 
concentration of the filtrate that 
remains is unchanged. 

The reabsorption of most of the 


remaining water occurs as a result of the 


action of the countercurrent multiplier 

system. 

a. Sodium is actively extruded from the 
ascending limb of the nephron loop 
followed passively by chloride. 

b. Since the ascending limb is 
impermeable to water, the remaining 
filtrate becomes hypotonic. 

c. Because of this salt transport and 
because of countercurrent exchange in 
the vasa recta, the tissue fluid of the 
renal medulla becomes hypertonic. 

d. The hypertonicity of the renal medulla 
is multiplied by a positive feedback 
mechanism involving the descending 
limb, which ts passively permeable to 
water. 

The collecting duct is permeable to water 

but not to salt. 

a. As the collecting ducts pass through 
the hypertonic renal medulla, water 
leaves by osmosis and is carried away 
in surrounding capillaries. 

b. The permeability of the collecting 
ducts to water is stimulated by 
antidiuretic hormone (ADH). 


Renal Plasma Clearance (pp. 742-747) 


1 


Inulin is filtered but neither reabsorbed 
nor secreted: its clearance is thus equal 
to the glomerular filtration rate. 

Some of the filtered urea is reabsorbed; 
its clearance is therefore less than the 
glomerular filtration rate 

The PAH clearance is a measure of the 
total renal blood flow. 

Normally, all of the filtered glucose and 
amino acids are reabsorbed; glycosuria 
occurs when the transport carriers for 
glucose become Saturated due to 
hyperglycemia. 
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apter oummary 


Urinary System and Kidney Structure 


Renal Control of Electrolyte Balance 
(pp. 747-750) 


1. 


Aldosterone stimulates Na* reabsorption 
and K* secretion in the distal convoluted 
tubule. 


_ Aldosterone secretion is stimulated 


directly by a rise in blood K* and 

indirectly by a fall in blood Na*. 

a. Decreased blood flow through the 
kidneys stimulates the secretion of the 
enzyme renin from the juxtaglomerular 
apparatus. 

b. Renin catalyzes the formation of 
angiotensin I, which is then converted 
to angiotensin Il. 

c. Angiotensin II stimulates the adrenal 
cortex to secrete aldosterone. 

Aldosterone stimulates the secretion of 

H* as well as K* into the filtrate in 

exchange for Na’. 


Renal Control of Acid-Base Balance 
(pp. 750-753) 


1. 


The lungs regulate the Pco, and carbonic 
acid concentration of the blood, whereas 
the kidneys regulate the bicarbonate 
concentration. 

Filtered bicarbonate combines with H* to 

form carbonic acid in the filtrate. 

a. Carbonic anhydrase in the membranes 
of microvilli in the tubules catalyzes 
the conversion of carbonic acid to 
carbon dioxide and water: bicarbonate 
is thus reabsorbed indirectly. 


b. In addition to reabsorbing 


bicarbonate, the kidneys excrete H*, 
which is buffered by ammonium and 
phosphate buffers. 


Ureters, Urinary Bladder, and Urethra 
(pp. 753-756) 


1. 


2. 


The ureters contain three layers: the 
mucosa, muscularis, and adventitia. 

The urinary bladder ts lined bya 
transitional epithelium that is folded into 
rugae to permit distension. 

The urethra has an internal urethral 
sphincter of smooth muscle and an 
external urethral sphincter of skeletal 
muscle 

Micturition is controlled by reflex centers 
in the second through fourth segments of 
the spinal cord. 
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Review Activities 


Objective Questions 


1. Which of the following statements about 
metanephric kidneys is true? 
a. They become functional at the end of 
the eighth week. 
b. They are active throughout fetal 
development. 
Cc. They are the third pair of kidneys to 
develop. 
d. All of the above are true. 
Match the following descriptions and structures: 
2. active transport a. roximal convoluted 
of sodium; water tubule 
follows passively b. descending limb of 
3. active transport the nephron loop 
of sodium; Cc. ascending limb of 
impermeable to the nephron loop 
water d. distal convoluted 


4. passively tubule 
permeable to e. collecting duct 
water 

5. passively 


permeable to 
water under ADH 
stimulation 
6. Antidiuretic hormone promotes the 
retention of water by stimulating 
a. the active transport of water. 
b. the active transport of chloride. 
c. the active transport of sodium. 
d. the permeability of the collecting duct 
to water. 
7. Aldosterone stimulates sodium 
reabsorption and potassium secretion in 
a. the proximal convoluted tubule. 
b. the descending limb of the nephron 
loop. 
c. the ascending limb of the nephron 
loop. 
d. the distal convoluted tubule. 
e. the collecting duct. 
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10. 


11. 


12. 


13. 


14. 


Substance X has a clearance greater than 

Zero but less than that of inulin. What can 

be concluded about substance X? 

a. Itis not filtered. 

b. Itis filtered, but neither reabsorbed 
nor secreted. 

C. Itis filtered and partially reabsorbed. 

d. Itis filtered and secreted. 

Substance Yhas a clearance greater than 

that of inulin. What can be concluded 

about Y? 

a. Itis not filtered. 

b. Itis filtered but neither reabsorbed nor 
secreted. 

C. Itis filtered and partially reabsorbed. 

d. Itis filtered and secreted. 

About 65% of the glomerular ultrafiltrate 

is reabsorbed in 

a. the proximal convoluted tubule. 

b. the distal convoluted tubule. 

c. the nephron loop. 

d. the collecting duct. 

Which of the following statements about 

the renal pyramids is fa/se? 

a. They are located in the renal medulla. 

b. They contain glomeruli. 

c. They contain collecting ducts. 

d. They open by renal papillae into the 
renal Sinus. 

The detrusor muscle is located in 

a. the kidneys. 

b. the ureters. 

c. the urinary bladder. 

d. the urethra. 

The internal urethral sphincter is 

innervated by 

a. sympathetic nerve fibers. 

b. parasympathetic nerve fibers. 

c. somatic motor nerve fibers. 

d. all ofthe above. 

Diuretic drugs that act in the nephron loop 

a. inhibit active sodium transport. 


15. 


16. 


b. result in an increased flow of filtrate to 
the distal convoluted tubule. 

Cc. cause an increased secretion of 
potassium into the tubule. 

d. promote the excretion of salt and 
water. 

e. allof the above apply. 

The appearance of glucose in the urine 

a. occurs normally. 

b. indicates the presence of kidney 
disease. 

C. occurs only when the transport 
Carriers for glucose become 
saturated. 

d. is aresult of hypoglycemia. 

Reabsorption of water through the 

tubules occurs by 

a. osmosis. 

bD. active transport. 

C. facilitated diffusion. 

d. all of the above. 


Essay Questions 


1. Explain how glomerular ultrafiltrate is 


produced and why it has a low protein 
concentration. 

Explain how the countercurrent multiplier 
system works and discuss its functional 
significance. 

Explain how countercurrent exchange 
occurs in the vasa recta and discuss its 
functional significance 

Explain how the action of diuretic drugs 
may Cause an excessive loss of 
potassium. Also explain how the 
potassium-sparing diuretics work 
Explain how the structure of the 
epithelial wall of the proximal convoluted 
tubule and the distribution of Na*/K* 
pumps in the epithelial cell membranes 
contribute to the ability of the proximal 
tubule to reabsorb salt and water. 


Urinary System and Fluid, Electrolyte, and Acid-Base Balance 


: Introduction tothe Digestive System 765 
: Mouth, Pharyon, and Associated 

: Structures 770 

: Esophagus and Stomach 775 

: Small Intestine 780 

: Large Intestine 784 

: Liver Gallbladder, and Pancreas 786 


¢ Briefly describe the activities of the digestive system 
and list its structures and regions. 


© Locate and describe the serous membranes of the 


abdominal cavity. 
© Describe the four tunics that compose the wall of the 
| tract. 


© Describe the anatomy of the oral cavity. 
© Contrast the deciduous and permanent dentitions and 


describe the structure of a tooth. 

© Describe the histological structure of salivary glands 
and discuss the functions of saliva. 

© Describe the location, gross structure, and functions 
of the stomach. 

© Describe the histological structure of the 

and stomach and list the cell types of the gastric 
mucosa and their secretions. 

© Discuss the functions of hydrochloric acid and pepsin 
and explain how peptic ulcers may be produced. 

¢ State the regions of the small intestine and describe 
how bile and pancreatic juice are delivered to the 
small intestine. 


Digestion and Absorption of Carbohydrates, 
Lipids, and Proteins 796 

Neural and Endocrine Regulation of the 
Digestive System 799 

Clinical Considerations 403 


Other Important Clinical Terminology 806 


© Describe the structure and function of intestinal villi, 


microvilli, and crypts and explain the nature and 
significance of the brush border enzymes. 


© Describe the different types of intestinal motility. 
¢ State the deg of the large intestine and describe 


its structure 

° Describe the functions of the large intestine and 
explain how defecation is accomplished. 

¢ Describe the structure of a liver lobule and trace the 
flow of blood and bile through a liver lobule. 

¢ Discuss the functions of the liver and describe the 
enterohepatic circulation. 


¢ Describe the anatomical relationship between the 


liver and gallbladder 


*. Discuss the Quine. and functions of the pancreas. 
© State the regions of the GI tract and list the enzymes 


involved in the digestion of carbohydrates and proteins. 


* Discuss the functions of enzymes and bile in the 


digestion of lipids and explain how lipids are absorbed. 


* Describe the mechanisms that regulate gastric juice 


secretion 


© Describe the mechanisms that regulate pancreatic 


juice and bile secretion. 
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Introduction to the 


Digestive oystem 


Within the lonen of the gastromtestinal (G1) tract, large food 
molecules are hydrolyzed into their monomers. These monomers pass 
through the inner layer, or mucosa, of the GI wact to enter the blood or 
lymph m a process called absorpuon. Digestion and absorption are aided 
by specializations of the mucosa and by characteristic movements 
caused by contractions of the muscle layers of the GI tract. 


Unlike plants, which can form organic molecules using 
inorganic Compounds such as carbon dioxide, water, and 
ammonia, humans and other animals must obtain their 
hasic organic molecules from food. Some of the ingested 


food molecules are needed for their energy (caloric) 
value, which is obtained by the reactions of cell respira- 
tion and used in the production of ATP. The balance ts 
used to make additional tissue. 

Most of the organic molecules that are ingested are 
similar to the molecules that form the structure of human 
tissues. These are generally large molecules (polymers), which 
are composed of subunits (monomers). Within the GI tract, 
digestion of these large molecules into their monomers oc- 
curs by means of hydrolysis reactions (reviewed in fig. 26.1). 
The monomers formed are transported across the wall of the 
small intestine into the blood and lymph ina process called 
absorption. Digestion and absorption are the two major 
functions of the digestive system. 

Since the composition of food is similar to the com- 
position of body tissues, enzymes that digest food also are 
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* The digestion of lood molecules occurs by means of hydrolysis reactions. 


Downloaded from Durr-e-Danish Library 


Digestive System 


Chapter Twenty-Six 


capable of digesting a person's own tissues. This does not 
normally occur, however, because a variety of protective 
devices inactivate digestive enzymes in the body and sepa- 
rate them trom the cytoplasm of tissue cells. The fully active 
digestive enzymes are normally limited in their location to 
the lumen (cavity) of the GI tract. 

The lumen of the GI tract is continuous with the en- 
vironment because it is open at both ends (mouth and 
anus). Indigestible material, such as cellulose from plant 
walls, passes from one end to the other without crossing the 
epithehal lining of the Gl tract (that is, without being ab- 
sorbed). In this sense, these indigestible materials never 
enter the body, and the harsh conditions required for diges- 
tion thus occur outside the body. 

One-way transport in the GI tract is ensured by wave- 
like muscle contractions called peristalsis (per “t-stal ‘sis) 
and by the action of sphincter muscles. This one-way trans- 
port permits the specialization of different regions of the 
GI tract tor different functions, as a “dis-assembly line.” 
The principal function of the digestive system is to prepare 
food for cellular utilization. This involves the following 
functional activities: 


l Motility. This refers to the movement of food through the 
digestive tract and includes the following processes. 
a. Ingestion: Taking food into the mouth. 
b. Mastication: Chewing the food and mixing it with saliva. 
c. Deglutition: Swallowing food. 
d. Penstalsiy: Rhythmic, wavelike contractions that move food 
through the gastrointestinal tract. 


2 Secretion. This includes both exocrine and endocrine 
secretions. 

a. Exocrine secretions: Water, hydrochloric acid, bicarbonate, 
and many enzymes are secreted into the lumen of the 
gastromtestinal tract. The stomach alone, for example, 
secretes 2-3 liters of gastric juice a day. 

bh. Endocrime secretions: The stomach and small intestine 
secrete a number of hormones that help regulate the 


digest ive system 


3 Digestion. This refers to the breakdown of food molecules into 
their smaller subunits, which can be absorbed. 


4 Absorption. This refers to the passage of food molecules after 


their digestion into the blood or lymph. 


Anatomically and functionally the digestive system 
can be divided into a tubular gastrointestinal (GI) tract, or 
alimentary canal, and accessory organs. The GI tract ts 


PPP TTTTT errr 
mastication Gk. mastichan, gnash the teeth 
deglutition. L deglutire swallow down 
peristalsis: Gk. peri. around, stellain, compress 
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FIGURE 26.2 


The digestive system consists of the gastrointestinal tract and the 
accessory digestive organs 


approximately 9 m (30 ft) long and extends from the mouth 
to the anus. It traverses the thoracic cavity and enters the ab- 
dominal cavity at the level of the diaphragm. The anus is 
located at the inferior portion of the pelvic cavity. The or- 
gans of the GI tract include the oral (buccal) cavity, phar- 
ynx, esophagus, stomach, small intestine, and large 
intestine (fig. 26.2). The accessory digestive organs include 
the teeth, tongue, salivary glands, liver, gallbladder, and 
pancreas. The term viscera (vis er-it) is frequently used to 
refer to the abdominal organs of digestion, but it also can 
he used in reference to any of the organs in the thoracic and 
abdominal cavities. Gut is an anatomical term that generally 
refers to the developing GI tract in the embryo. 


serous Membranes 


Most of the GI tract and abdominal accessory digestive 
organs are positioned within the abdominal cavity. These 
organs are not firmly embedded in solid tissue but are sup- 
ported and covered by serous membranes. A serous mem- 
brane is an epithelial membrane that lines the thoracic 
and abdominal cavities and covers the organs that lie 
within these cavities. A serous membrane has a parietal 
portion lining the body wall and a visceral portion cov- 
ering the internal organs. The serous membranes associ- 
ated with the lungs are called pleurae. The serous 
membranes of the abdominal cavity are called peritoneal 
membranes, or peritoneum (per “T-t6-ne “um). The peri- 
toneum is the largest serous membrane of the body. It is com- 
posed of simple squamous epithelium with portions 
reinforced by connective tissue. 

The parietal peritoneum lines the wall of the abdom- 
inal cavity (tig. 26.3). Along the posterior, or dorsal, aspect 
of the abdominal cavity the parietal peritoneum comes to- 
gether to form a double-layered peritoneal fold called the 
mesentery that supports the GI tract. The mesentery gives 
the small and large intestines freedom tor peristaltic move- 
ment and provides a structure through which intestinal 
nerves and vessels traverse. The mesocolon ts a specific por- 
tion of the mesentery that supports the large intestine (fig. 
26.4¢,d). The peritoneal covering continues around the in- 
testinal viscera as the visceral peritoneum. The peritoneal 
cavity is the space between the parietal and visceral por- 
tions of the peritoneum. 

Extensions of the parietal peritoneum, located in the 
peritoneal cavity, serve specific functions (fig. 26.4). The 
falciform (fal ‘si-form) ligament, a serous membrane rein- 
forced with connective tissue, attaches the liver to the di- 
aphragm and anterior abdominal wall. The lesser omentum 
(o-men ‘tom) passes from the lesser curvature of the stomach 
and the upper duodenum to the inferior surface of the liver. 
The greater omentum extends from the greater curvature 
of the stomach to the transverse colon, forming an apronlike 
structure over most of the small intestine. Functions of the 
greater omentum include storing tat, cushioning visceral or- 
gans, supporting lymph nodes, and protecting Ea the 
spread of infections. In cases of localized inflammation, such 


as appendicitis, the greater omentum may compartmentalize 


the inflamed area, sealing it off from the rest of the peri- 


toneal cavity. 
Certain of the abdominal organs closely associatec 
with the postertor abdominal wall are not supported by 


mesentery and are covered only by parietal peritoneum. 


PYYTTYITTITIVI TT 
mesentery Gk mesos, middle enteron, intestine 
omentum L omentum, apron 
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A diagrammatic representation of the serous membranes. 


These organs are said to be retroperitoneal (behind the peri- 
toneum) and include most of the pancreas, the kidneys, a 
portion of the duodenum, and the abdominal aorta. 


peritoneum. Peritonitis may be caused by trauma, 
rupture of a visceral organ, or postoperative 
complications. Peritomitis 1s usually extremely 
painful and serious. Treatment involves the injection of 
massive doses of antibiotics and perhaps peritoneal 
intubation to permit drainage. 


a Peritonitis 1s a bacterial inflammation of the 


A 


layers of the bastramtestinal Iract 


The GI tract from the stomach to the anal canal is com- 
posed of four layers, or tunics. Each tunic contains a domi- 
nant tissue type that performs specific functions in the 
digestive process. The four tunics of the GI tract, from the 
inside out, are the mucosa, submucosa, muscularis, and 
serosa (fig. 26.5). 


Mucosa) The mucosa surrounds the lumen of the GI tract 
and is the absorptive and mayor secretory layer. It consists 
of a simple columnar epithelium, which also contains spe- 
cialized goblet cells that secrete mucus. The epithelium is 
supported by the lamina propria, which is a thin layer of 
connective tissue. The lamina propria contains numerous 
lymph nodules, which are important in protecting against 
disease (fig. 26.5). Deep to the lamina propria ts a thin layer 
of smooth muscle called the muscularis mucosa. 


Submucosa The relatively thick submucosa is a highly 
vascular layer of connective tissue serving the mucosa. Ab- 
sorbed molecules that pass through the columnar epithe- 
lial cells of the mucosa enter into blood vessels or lyinph 
ductules of the submucosa. In addition to blood vessels, the 
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FIGURE 26.4 


The structural arrangement of the abdominal organs and peritoneal membranes. 
(b) the lesser omentum with the liver lifted, {c) the mesentery 


(a) The greater omentum, 
ationship of the peritoneal membranes 


with the arealer omentum lifted, and (d) the rel 
to the visceral organs as shown ina sagittal view. 
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Loeche: 


layer of smooth muscle. Con- 
tractions of these layers move 
the food peristaltically through 
‘ the GI tract and physically pul- 
verize and churn the food with 
digestive enzymes. The myen- 
teric (Auerbach's) plexus located 
between the two muscle layers 


Circular fold 


provides the major nerve supply 
to the GI tract and includes 
fibers and ganglia from both the 
sympathetic and parasympa- 
thetic divisions of the auto- 
nomic nervous system. 


, Serosa The outer serosal layer 
completes the wall of the GI 
tract. It is a binding and protec- 
tive layer consisting of loose con- 
) nective tissue covered with a 
layer of simple squamous epithe- 
lium and subjacent connective 
tissue. The serosa is actually the 
visceral peritoneum of the ab- 
dominal cavity. 


Myenteric plexus. 


i445 


Submucosal plexus 


Digestive System 


Lymph nodule 


Innervation §$ The Gl tract is in- 
nervated by the sympathetic and 
parasympathetic divisions of the 
autonomic nervous system. The 
Vagus nerves are the source of 
parasympathetic activity in the 
esophagus, stomach, pancreas, 
gallbladder, small intestine, and 
upper portion of the large intes- 
tine. The lower portion of the 


Lacteal 


Epithelium 
large intestine receives parasym- 
pathetic innervation from spinal 
nerves in the sacral region. The 


* (qa) An illustration of the major tunics (layers) of the intestine. The insert shows how folds of | 
mucosa form projections called vill. (b) An illustration of a cross section of the intestine 
showing the detailed structure and relative thickness of the tunics. 


submucosal plexus and myenteric 
plexus are the sites where pre- 


& a* 


submucosa contains glands and nerve plexuses. The sub- 
mucosal (Meissner's) plexus (fig. 26.5), provides autonomic 
innervation to the muscularis mucosa. 


Muscularis The muscularis (also called the muscularis 
externa) is responsible for segmental contractions and 
peristaltic movement through the GI tract. The muyscu- 
laris has an inner circular layer and an outer longitudinal 


Meissner’s plexus. from Georg Meissner, German histologist, 1829-1905 


ganglionic fibers synapse with 

postganglionic fibers that inner- 

vate the smooth muscle of the 

GI tract. Sumulation of the parasympathetic fibers incre 
peristalsis and the secretions of the GI tract. 

Postganglionic sympathetic fibers pass through the sub- 

mucosal and myenteric plexuses and innervate the GI tract. 

The effects of sympathetic nerve stimulation reduce peri 


ases 


stalsty and secretions and stimulate the contraction of sphine- 
ter muscles along the GI tract; therefore, they are antagonistic 


to the effects of parasympathetic nerve stimulation. 


Pee eeeeeeeeseeneesesesensseseesnese 


Auerbach’s plexus: from Leopold Auerbach, German anatomist. 1828-97 
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Mouth, Pharini, and 


Associated atructures 


Ingested food ts changed by the mechanical action of teeth and by the 
chemical activity of saliva into a bolus, which ts swallowed m the 


process of deglutition. 


The mouth and associated structures initiate mechanical di- 
gestion of food through the process of mastication. The 
mouth 1s referred to as the oral, or buceal (buk‘al), cavity 
(fig. 26.6). It is formed by the cheeks, lips, hard and soft 
palates, and tongue. The vestibule of the oral cavity is the 
depression between the cheeks and lips externally and the 
gums and teeth internally (fig. 26.7). The opening between 
the oral cavity and the pharyny ts called the fauces. The 
pharynx serves as a common passageway for both the respi- 
ratory and digestive systems. Both the mouth and pharynx 
are lined with nonkeratinized stratified squamous epithelium, 
which is constantly moistened by the secretion of saliva. 


Cheeks and lips 


The cheeks consist of outer 
layers of skin, subcutaneous 
far, facial muscles that assist 
in manipulating food in the 
oral cavity, and inner linings 
of morstened, stratified squa- 
mous epithelium. The ante- 
rior portion of the cheeks 
terminates in the superior 
and inferwor lips. 

The lips are fleshy, 
highly mobile organs whose 
principal function in hu- Lp 


Nasal Cavity 


Hard palate 
Vestibule 


Tongue 


mans is associated with 
speech. Each lip ts attached 
from its inner surface to the 
gum by a midline fold of mu- 
cous membrane called the 
labial frenulum (fren yi 
lum) (fig. 26.6). The lips are 
formed trom the orbicularis 
oris muscle and associated 


Vermillion 


Hyoid bone 


connective tissue, and they 
are covered with soft, pliable 
skin. Between the outer skin 

FIGURE 26.7 
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The surface of the tongue. 


and the mucous membrane of the oral cavity is a transition 
zone called the vermilion, which is reddish-brown in color 
because of blood vessels close to the surface. 


Jongue 


As a digestive organ, the tongue functions to move food 
around in the mouth during mastication and to assist in swal- 
lowing food. It contains taste buds (chapter 18) through 
which various food tastes are sensed, and it is also essential 
in producing speech. The tongue is a mass of skeletal muscle 
covered with a mucous membrane. Extrinsic tongue mus- 
cles (those that insert upon the tongue) move the tongue 
from side to side and in and out. Only the anterior two- 
thirds of the tongue lies in the oral cavity; the remaining 
one-third lies in the pharynx (fig. 26.7) and is attached to 
the hyowd bone. Rounded masses of lingual tonsils are lo- 
cated on the posterior surface of the tongue (fig. 26.8). The 
undersurface of the tongue is connected along the midline 
anteriorly to the floor of the mouth by the vertically posi- 
tioned lingual frenulum (see fig. 26.6). 


movements, the person is said to be tongue-tied. If 
this developmental problem 1s severe, an infant may 
have difficulty suckling. Older children with this 
problem may have faulty speech. These functional problems 
can be easily corrected through surgery. 


\ When a short lingual frenulum restricts tongue 


Jj 


On the surface of the tongue are numerous small ele- 
vations called papillae. The papillae give the tongue a dis- 
tinct roughened surface that aids the handling of food. They 
also contain taste buds that can distinguish sweet, salty, sour, 
and bitter sensations. The three types of papillae on the 


tonsil: L. fo/es, swelling 
papilla: L. papula, swelling or pimple 
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surface of the tongue are filiform, fungiform, and vallate 
(fig. 26.8). Filiform papillae, by far the most numerous, have 
tapered tips and are sensitive to touch. The larger and 
rounded fungiform papillae are scattered among the filiform 
type. The few vallate papillae are arranged in a V-shape on 
the posterior surface of the tongue. 


Palate 


The palate is the roof of the oral cavity and consists of the 
bony hard palate anteriorly and the soft palate posteriorly 
(see figs. 26.6 and 26.7). The hard palate is formed by the 
palatine processes of the maxillae and the horizontal plates 
of the palatine bones and is covered with a mucous mem- 
brane. Transverse ridges called palatal rugae (roo je) are lo- 
cated along the mucous membrane of the hard palate. These 
structures serve as friction ridges against which the tongue is 
placed during swallowing. The soft palate is a muscular arch 
covered with mucous membrane and is continuous anteriorly 
with the hard palate. Suspended from the middle lower bor- 
der of the soft palate is a cone-shaped projection called the 
uvula. During swallowing, the soft palate and uvula are 
drawn upward, closing the nasopharynx and preventing food 
and fluid from entering the nasal cavity. 

Two muscular folds extend downward from both lat- 
eral sides of the base of the uvula (see fig. 26.6). The ante- 
rior fold is called the glossopalatine arch and the posterior 
fold is the pharyngopalatine (fa-ring’‘go-pal @-tin) arch. Be- 
tween these two arches, toward the posterior lateral portion 
of the oral cavity, is the palatine tonsil. 


eeth 


The teeth of humans and other mammals vary in structure 
and are adapted to handle food in different ways (fig. 26.9). 
The four pairs (upper and lower jaws) of anteriormost teeth 
are the incisors (in-si ‘sorz). The chisel-shaped incisor teeth 
are adapted for cutting and shearing food. The two pairs of 
cone-shaped canines, or cuspids, are located at the anterior 
comers of the mouth and are adapted for holding and tearing. 
Incisor and canine teeth are further characterized by a single 
rooton each tooth. Located behind the canines are the pre- 
molars, or bicuspids, and molars. These teeth have two or 
three roots, and their somewhat rounded, irregular surfaces, 
or cusps, are adapted for crushing and grinding food. 

Two sets of teeth develop ina person's lifetime. Twenty 
deciduous (milk) teeth begin to erupt at about 6 months of 
age (fig. 26.10), heginning with the incisors. All of the 


eee cece eerenenerseeeeeseereseseseres 
fungiform: L fungus. fungus, forma, form 
incisor: L. incidere. to cul 

canine. L canis, dog 

molar L mola, millstone 

deciduous: L. deciduus, to tall away 
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and (b) permanent teeth. 


s__._ Permanent second molar 


1_ Permanent first molar 
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deciduous teeth have erupted by the 
permanent teeth replace the 
sequence. This | 


age of 2%. Thirty-two 
deciduous teeth ina predictable 
wrocess begins at about 


until about age 17. The third mol 
the last to erupt. Eruption of the 
dictable. If they do erupt 


age 6 and continues 
ars, or wisdom teeth, are 
wisdom teeth is less pre- 
» itis between the ages of 17 and 
are formed by this time and other teeth 


ruption of wisdom teeth may cause seri- 
ous problems of crowding or iMpaction. 


A dental formula is 
types, number 
lowing 


25. Because the jaws 
are in place, the e 


a graphic representation of the 
» and position of teeth in the oral cavity. Fol- 


are the deciduous and permanent dent 


; al formulae 
for humans: 


Formula for deciduous dentition: 
I 2/2,C 1/1, DM 2/2 = 10x2 = 20 teeth 


» 


Formula for permanent dentition: 
12/2,C 1/1, P 2/2, M 3/3 = 16x 2 = 32 teeth 
(I = incisor; C = canine; P = premolar; 
DM = deciduous molar; M = molar) 


The cusps of the upper and lower premolar and molar 
teeth occlude for chewing food (mastication), whereas the 
upper incisors normally form an overbite with the incisors of 
the lower jaw. An overbite of the upper incisors creates a 
shearing action as these teeth slide past one another. Mas- 
ticated food is mixed with saliva, which initiates chemical 
digestion and facilitates swallowing. The soft mass of chewed 
food that ts swallowed is called a bolus. 

A tooth consists of an exposed crown, supported by a 
neck, anchored firmly into the jaw by one or more roots 
(fig. 26.11). The roots of teeth fit into sockets, called alve- 
oli, in the alveolar processes of the mandible and maxillae. 
Each socket is lined with a connective tissue periosteum, 
specitically called the periodontal membrane. The root of a 
tooth 1s covered with a bonelike material called the ce- 
mentum; fibers in the periodontal membrane insert into the 
cementum and fasten the tooth in its socket. The gingiva 
(jin j7-va), or gum, 1s the mucous membrane surrounding the 
alveolar processes in the oral cavity. 

The bulk of a tooth consists of dentin (den ‘tin)—a 
substance similar to bone, but harder. Covering the 
dentin on the outside and forming the crown is a tough, 
durable layer of enamel. Enamel ts composed primarily 
of calcium phosphate and is the hardest substance in the 
body. The central region of the tooth contains the pulp 
cavity. The pulp cavity contains the pulp, which is com- 
posed of connective tissue with blood vessels, lymph ves- 
sels, and nerves. A root canal is continuous with the pulp 
cavity and opens to the connective tissue surrounding 


bolus Gk bdo/os, lump 
dentin. L. dens, tooth 
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FIGURE 26.11 


The structure of a tooth shown in a vertical section througha 
canine tooth 
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the root through an apical foramen at the tip of the roor. 


The apical foramen permits blood vessels and nerves to 
enter the pulp. 


Although enamel is the hardest substance in the 
\ body, itcan be weakened due to acidic conditions 
produced by bacterial activity, resulting in dental 
canes (cavities). These canes must be artificially filled 
because new enamels not produced after a tooth erupts. The 
rate of tooth decay decreases after age 35, but then 
periodontal diseases may develop. Periodontal diseases 
result from plaque or tartar buildup at the gum line. This 
buildup wedges the gum away from the teeth, allowing 
bacterial infections to develop 


salivary blands 


Salivary glands are accessory digestive glands that produce 
a fluid secretion called saliva. Saliva functions as a solvent in 
cleansing the teeth and dissolving food molecules so th 


at 
they can be tasted. Saliva also contains starch-dige 


sting en- 
zymes and mucus that lubricates the pharynx to facilitate 
swallowing. Numerous minor salivary glands, called buccal 
glands, are located in the mucous membranes of the palatal 
region of the oral cavity. Most of the saliva, however, 1s pro- 
duced by three pairs of salivary glands outside of the oral 


cavity and is transported to the mouth via salivary ducts. 
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The three major pairs of 
salivary vlands are the 
paroud, submandibular, and 
sublingual (fig. 26.12). 
The parotid (pa-rot id) 


gland is the largest of the Accessory salivary 


. : : land 
salivary glands and is posi- 9 


tioned below and tn front of 
the ear, between the skin 
and the masseter muscle. 
The parotid (Stensen's) 
duct parallels the zygomatic 
arch across the masseter 
muscle, pierces the bucci- 
nator muscle, and drains 
into the oral cavity Opposite 
the second upper molar. IC) 
is the parotid gland that be- 
comes intected and swollen , 
with the mumps. 

The submandibular 
gland is inferior to the body 


>» 
Parotid gland 


Parotid duct 


Masseter muscle 
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of the mandible about mid- * * submandibular 
way along the inner side of | gland 
the jaw. This gland is cov- 
ered by the more superficial 
mylohyoid muscle. The 
+ submandibular (Whar- FIGURE 26.12 . 
ton’s) duct empties into the The salivary glands. : 
floor of the mouth on either - a Ne eh EES 


side of the lingual frenulum. 

The sublingual gland lies under the mucosa in the floor 
of the mouth on the side of the tongue. Associated with 
each sublingual gland are several small sublingual (Rivi- 
nus’s) ducts that empry into the floor of the mouth in an 
area posterior to the papilla of the submandibular duct. 

Two types of secretory cells, serous and mucous cells, 
are found in all salivary glands in various proportions. Serous 
cells produce a watery fluid containing digestive enzymes; 
mucous cells secrete a thick, stringy mucus. Cuboidal ep- 
ithelial cells line the lumina of the salivary ducts. 

The salivary glands are innervated by both divisions 
of the autonomic nervous system. Sympathetic impulses 
stimulate the secretion of small amounts of viscous saliva. 


POP RP PURE UU UES EU SEER PEERS 

parotid. Gk para, beside: ofos, ear 

Stensen’s duct from Nicholaus Stensen, Oanish anatomist, 1638-86 
Wharton s duct from Thomas Wharton, English anatomist, 1614-73 
Rivinus’s ducts. from Augustus Rivinus, German anatomist, 1652-1723 
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Mandible 


Parasympathetic stimulation causes the secretion of large 
volumes of watery saliva. Physiological responses of this type 
occur whenever a person sees, smells, tastes, or even thinks 
about desirable food. The amount of saliva secreted daily 
ranges from 1000 to 1500 ml. Information about the sali- 
vary glands is summarized in table 26.1. 


Pharynu 


The funnel-shaped pharynx (far ‘ingks) is a Passageway ap- 
proximately 13 cm (5 in.) long connectng the oral and nasal 
cavities to the esophagus and trachea. The external, circu- 
lar layer of pharyngeal muscles, called constrictor muscles (fig. 
26.13), serves to compress the lumen of the pharynx invol- 
untarily during swallowing. The superior constrictor mus- 
cle attaches to bony processes of the skull and mandible and 
encircles the upper portion of the pharynx. The middle con- 
strictor muscle arises from the hyoid bone and stylohyoid 
ligament and encircles the middle portion of the pharynx. 


The inferior constrictor muscle arises from the cartilages 


Downloaded from Durr-e-Danish Library 


Table 26.1. 


Major salivary glands 


Mandible 


Superior 


constrictor 


Tongue ‘te 
| muscle 5 


Middle 
constrictor 
muscle 


‘Inferior. 
constrictor 
muscle 


t . > 
"FIGURE 26.13 FEO eof 
A posterior view of the constrictor muscles of the pharynx. The right side 9 


has been cut away to illustrate the interior structures in the pharynx. 


Esophagus 


Swallowed food ts passed through the esophagus to the 
stomach by wavelike contractions known as peristalsis. 
The mucosa of the stomach secretes hydrochloric actd and 
pepsmogen. Upon entermg the lumen of the stomach, 
pepsmogen ts activated to the protem-digesting enzyme 
known as pepsin, The stomach partially digests proteins 
and functions to store us contents, called chyme, for later 
processing by the small mtestine. 


Esophagus 


The esophagus (8-sof@-gus) is that portion of 
the GI tract that connects the pharynx to the 
stomach. It is a collapsible muscular tube ap- 
proximately 25 cm (10 in.) long, located poste- 
rior to the trachea within the mediastinum of 
the thorax. The esophagus passes through the 
diaphragm by means of an opening called the 
esophageal hiatus (&-sof “a-je ‘al hi-a‘tus) before 
terminating at the stomach. The esophagus is 
lined with a nonkeratinized stratified squamous 
epithelium; its walls contain either skeletal or 
smooth muscle, depending on the location. The 
upper third of the esophagus contains skeletal 
muscle; the middle third contains both skeletal 
and smooth muscle, and the terminal portion 
contains only smooth muscle. 


Swallowing, or deglutition (de “glov-tish ‘un), 
of the larynx and encircles the lower portion of the phar- is the complex act of moving food or fluid from the oral 
During breathing, the lower portion of the inferior con- cavity through the esophagus to the stomach. Swallowed 
mx. Duri - d ; t 
y 5 le is contracted, preventing air from entering food is pushed from one end of the esophagus to the other 
strictor muscle is F F 
the esophagus. . . 
The three regions of the pharynx are described in detail OCT YT CCOCO ATT Pe ree Creer 


in chapter 23 on the respiratory system. 


esophagus: Gk. o/sein, to carry; phagema, food 
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by a wavelike muscular contraction 
called peristalsis (fig. 26.14). Peri- 
staltic waves are produced by con- 
striction of the lumen as a result 
of circular muscle contraction, fol- 


F - taltic 

lowed by shortening of the tube by — 

j ¥ : wave 
longitudinal muscle contraction. 
These contractions progress from the 
superior end of the esophagus to 
the gastroesophageal junction at a 

Bolus 


rate of about 2 to 4 cm per second 
as they empty the contents of the 
esophagus into the cardiac region of 
the stomach. 

The lumen of the terminal por- 
tion of the esophagus is slightly nar- 
rowed because of a thickening of the 
circular muscle fibers in its wall. This portion is referred to as 
the lower esophageal (gastroesophageal) sphincter. The 
muscle fibers of this region constrict after food passes into 
the stomach to help prevent the stomach contents from re- 
gurgitating into the esophagus. Regurgitatian would occur 
because the pressure in the abdominal cavity is greater than 
the pressure in the thoracic cavity as a result of respiratory 
movements. The lower esophageal sphincter must remain 
closed, therefore, until food is pushed through it by peristal- 
sis into the stomach. 


= The lower esophageal sphincter is not a true 
sphincter muscle that can be identified histologically, 
and at times it does permit the acidic contents of the 
stomach to enter the esophagus. This can create a 
burning sensation commonly called heartburn, although the 
heart is not involved. In infants under a year of age, the lower 


! esophageal sphincter may function erratically, causing them 


to “spit up” following meals. Some mammals, such as rodents, 
have a true lower esophageal sphincter and cannot 
regurgitate, which is why poison grains are effective in killing 
mice and rats. 


Stomach 


The stomach, a J-shaped pouch in the left superior portion 
of the abdomen, ts the most distensible part of the GI tract. 
It is continuous with the esophagus superiorly and empties 
into the duodenum of the small intestine inferiorly. The 
functions of the stomach are to store food, to initiate the 
digestion of proteins, and to move the food into the small in- 
testine as a pasty material called chyme (kim). 

The stomach (fig. 26.15) can be divided into four re- 
gions: the cardia, fundus, body, and pylorus. The cardia is 
the narrow upper region immediately below the lower 


chyme L. chymus. juice 
fundus L fundus, bottom 
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(b) 


FIGURE 26.14 


(a) A diagram and (b) a radiograph of peristalsis in the esophagus. 


esophageal sphincter. The fundus is the dome-shaped 
portion to the left of the cardia and is in direct contact 
with the diaphragm. The body ts the large central portion, 
and the pylorus ts the tunnel-shaped terminal portion. The 
pylorus communicates with the duodenum of the small 
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pylorus Gk. py/oros, gatekeeper 
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FIGURE 26.15 


The major regions and structures of the stomach. 


intestine through the pyloric sphincter. Pylorus isa Greek 
word meaning “gatekeeper,” and this punction is just that— 
regulating the movement of chyme into the small intestine 
and prohibiting backflow. 

The stomach has two surfaces and two borders. The 
broadly rounded surfaces are referred to as the anterior and 
posterior surfaces. The medial concave border is the lesser 
curvature (fig. 26.15), and the lateral convex border is the 
greater curvature. The lesser omentum extends between 
the lesser curvature and the liver; the greater omentum ts 
attached to the greater curvature. . 

The wall of the stomach consists of the same four lay- 
ers found in other regions of the GI tract, with certain mod- 
ifications. The muscularts ts composed of three layers of 
smooth muscle named according to the direction of fiber 
arrangement: an outer longitudinal layer, a middle circu- 


lar layer, and an inner oblique layer. The circular muscle 
F yer, and . 


layer is further thickened at the gastroduodenal junction to 


form the pyloric sphincter. 


Circular muscle 


Oblique muscle 


Greater curvature 
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Submucosa 


The inner surface of the stomach is thrown into long 
folds called gastric rugae, which can be seen with the un- 
aided eye. Microscopic examination of the gastric mucosa 
shows that it is likewise folded. The openings of these folds 
into the stomach lumen are called gastric pits. The cells 
that line the folds deeper in the mucosa secrete various prod- 
ucts into the stomach; these form the exocrine gastric glands 
(figs. 26.16 and 26.17). 

Gastric glands have several types of secreting cells: 
(1) goblet cells, which secrete mucus; (2) parietal cells, 
which secrete hydrochloric acid (HCD; (3) chief (or zy- 
mogenic) cells, which secrete pepsinogen, an inactive 
form of the protein-digesting enzyme pepsin; (4) argentaffin 
(ar-jen ‘ta-fin) cells, which secrete serotonin and histamine 
as autocrine regulators (chapter 19); and (5) G cells, 


PRR e meee meee weet eee eee ee eseseee 


argentaftin cells’ L. argentum, silver. affinis, attraction (became covered with 
silver stain) 
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FIGURE 26.16 


Microscopic structures of the mucosa of the stomach. 


Gastric pits 


Mucous cell 
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(b) 
FIGURE 26.17 


Gas'nc pits and gastric glands of the mucosa. (a) Gastric pits are 
the openings cf the gastric glands. (b) Gastric glands consist of 
mucous cells. chief cells, and parietal cells. each of which 


produces a specific secretion 


which secrete the hormone gastrin into the blood. In ad- 
dition to these products, the gastric mucosa (probably the 
parietal cells) secretes a polypeptide called intrinsic fac- 
wr, which is required for absorption of vitamin Bj2 in the 
small intestine. 


Pepsin and Hydrochloric Acid §=The secretion of hy- 
drochloric acid by parietal cells makes gastric juice highly 
acidic, with a pH of less than 2. This acidity serves three 
digestive functions: (1) ingested proteins are denatured at 
a low pH—that is, their tertiary structure is altered so that 
they become more digestible; (2) under acidic conditions, 
weak pepsinogen enzymes partially digest each other— 
this frees the active pepsin enzyme as small peptide frag- 
ments are removed (fig. 26.18); and (3) pepsin is more 
active under acidic conditions—it has a pH optimum of 
about 2.0. The peptide bonds of ingested protein are bro- 
ken (through hydrolysis reactions) by pepsin under acidic 
conditions; the HCI itself does not directly digest proteins. 
‘The low pH of gastric juice also helps to kill bacteria that 
may have been ingested with food. 


Digestion and Absorption in the Stomach 
\ Proteins are only partially digested in the 
\ stomach by the action of pepsin. Car- 
bohydrates and fats are not di- 
gested at all in the stomach. 
The complete digestion of 
food molecules occurs later, 
when chyme enters the 
small intestine. Patients 
with partial gastric resec- 
tions, therefore, and even 
those with complete gas- 
trectomies (removal of 
the stomach), can still ad- 
equately digest and absorb 

their food. 
Almost all of the products 
of digestion are absorbed through the 
wall of the small intestine; the only com- 
monly ingested substances that can be ab- 
sorbed across the stomach wall are alcohol and 
aspirin. This occurs as a result of the lipid solubility of these 
molecules. The passage of aspirin through the gastric mucosa 
has heen shown to cause bleeding, which may be significant 
if large amounts of aspirin are taken. 


Submucosa 
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FIGURE 26.18 

The gastric mucosa secretes the inactive enzyme 

pepsinogen and hydrochloric acid (HC)). In the presence of HCI. 
the active enzyme pepsin 1s produced. Pepsin digests proteins 
into shorter polypeptides. 


a 
<a The only function of the stomach that appears to be 
essential for life is the secretion of intrinsic factor. This 
polypeptide 1s needed for the absorption of vitamin B)2 
” inthe terminal portion ofthe ileum inthesmall 
intestine, and vitamin By is required for maturation of red blood 
cells in the bone marrow. A patient with a gastrectomy has to 
receive B,) orally (together with intrinsic factor) or through | 
injections to prevent the development of pernicious anemia. \ 


Gastritis and Peptic Ulcers Peptic ulcers are erosions of 
the mucous membranes of the stomach or duodenum prod- 
ced by the action of HCL In Zollinger—Ellison syndrome, ulcers 
of the duodenum are produced by excessive gastric acid se- 
cretion in response to very high levels of the hormone gas- 


trin, which, in this case, are generally produced by a 


pancreatic tumor. This ts a rare condition, but it does illus- 


trate that excessive gastric acid can cause duodenal ulcers. 
Ulcers of the stomach, however, are not believed to be due 
to excessive acid secretion, but rather to mechanisms that re- 
duce the barriers of the gastric Mucosa TO self-digestion. 

Recent experiments demonstrate that the parietal and 


chief cells of the gastric Mucosa are extremely impermeable 
to the acid in the lumen of the stomach. In tact, they are 


even impermeable to CO; and NH, which are molecules 


cccccccenceccccecocecocscooes 
Zollinger—Ellison syndrome trom Robert M Zollinger, American surgeon, b 1903, 


and Edwin H Ellison, American physician 1918-70 
Brunner's glands. trom Johann C Brunner, Swiss anatomist, 1653-1727 
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that can freely pass through most other cell mem- 
branes. This impermeability of the cell membrane 
of the gastric epithelium iy but one of the mecha- 
nisms that work to protect the gastric mucosa. 
Other protective mechanisms include a layer of 
alkaline mucus, containing bicarbonate, cov- 
ering the gastric mucosa; tight yunctions be- 
tween adjacent epithelial cells, preventing 
acid from leaking into the submucosa; a rapid 
rate of cell division, allowing damaged cells 
to be replaced (the entire epithelium ts re- 
placed every two to three days); and several 
protective effects provided by pros-taglandins 
that are produced by the gastric mucosa. In- 
deed, a common cause of gastric ulcers is 
believed to be the use of non-steroidal anti- 
-inflammatory drugs. This class of drugs includes 
aspirin and ibuprofen, which act to inhibit the 
production of prostaglandins (see chapter 19). 
When the gastric barriers to self-digestion are bro- 
ken down, acid can leak through the mucosa to the 

submucosa, which causes direct damage and stimulates 
inflammation. The histamine released from mast cells 
(chapter 23) during inflammation may stimulate further 
acid secretion and result in further damage to the mucosa. 
The inflammation that occurs during these events is called 
acute gastritis. 

The duodenum is normally protected from gastric acid 
by the butfering action of bicarbonate in alkaline pancre- 
atic juice, as well as by secretion of bicarbonate by duodenal 
(Brunner’s) glands in the duodenum. However, people who 
develop duodenal ulcers produce excessive amounts of gas- 
tric acid that are not neutralized by the bicarbonate. Peo> 
ple with gastritis and peptic ulcers must avoid substances? 
that stimulate acid secretion, including coffee and wine, and | 
often must take antacids. 

It has been known for some time that most poeple who 
have peptic ulcers are infected with a type of bacterium 
known as Helicobacter pylou, which resides in the GI tract. 
Also, clinical trials have demonsrated that antibiotics that 
eliminate this infection appear to help in the treatment of 
the pepuc ulcers. Many people, however, have H. pylori in- 
fections without having ulcers, so perhaps the infection does 
not itself cause the ulcer, but only contributes to the weak- 
ening of the mucosal barriers to gastric acid damage. Furher 
research ts needed to gain a more complete understanding of 
the causes of peptic ulcers. 

" The secretion of gastric acid is stimulated by acetyl- 
choline (from parasympathetic nerve endings), gas- 
trin (a hormone secreted by the stomach). and 
histamine (secreted by mast cells in the connective tis- 

» stimulants, the parietal cells secrete 


sue). In response to thes 
H: into the lumen of the stomach by active transport against 
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(a) 


FIGURE 26.19 
The small intestine. (a) The regions and the 
mesenteric attachment. (b) A section of the 
intestinal wall showing the folds of the mucosa and 
submucosa into structures called plicae circulares 
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(b) 


a million-to-one concentration gradient, using a carrier that 
functions as a H*/K* ATPase pump. People with ulcers, conse- 
quently, can be treated with drugs that block ACh, gastrin, or 

yz. histamine action. Drugs in the last category (for example, 
Tagamet) are most often used and specifically block the H2 his- 
tamine receptors in the gastric mucosa. This receptor subtype 
is different from that blocked by antihistamines commonly used 
to treat cold and allergy symptoms 


The mucosa of the small intesune ts folded into villi that project into the 
lumen. In addition, the cells that line these villi have foldings of their 
cell membrane called microvilli. This arrangement greatly increases the 
surface area for absorption. [t also omproves digestion, since the 
digestive enzymes of the small intestine are embedded within the cell 
membrane of the merous 


The small intestine is that portion of the GI tract between 
the pyloric sphincter of the stomach and the tleocecal valve 
opening into the large intestine. [tis positioned in the cen- 
tral and lower portions of the abdominal cavity and is sup- 


Duodenoyejunal 


Jejunum 


Plicae 
circulares 


Submucosa 


Muscular 
layer 
Circular 
Longitudinal muscle Gordon 


muscle 


ported, except for the first portion, by mesentery (fig. 26.19). 
The fan-shaped attachment of mesentery to the small in- 
testine maintains mobility but leaves lithe chance for the 
intestine to become twisted or kinked. Enclosed within the 
mesentery are blood vessels, nerves, and lymphatic vessels 
that supply the intestinal wall. 

The small intestine ts approximately 3 m (12 ft) long 
and 2.5 cm (1 in.) wide ina living person, but it will measure 
nearly twice this length in a cadaver when the muscle wall 
is relaxed. It is called the “small” intestine because of its rel- 
atively small diameter compared to that of the | 
tine. The small intestine serves as the m 
and absorption in the GI tract. 

The small intestine is innervated by the superior mesen- 
teric plexus. The branches of the plexus contain sensory 
fibers, postganglionic sympathetic fibers, and prevanglionic 
parasympathetic fibers. The small intestine’s arterial blood 
supply comes thr ugh the SUPCTIOF Mesenteric artery and small 
branches from the celiac trunk and the inferior mesenteric 
artery. Venous drainage is through the 
vein, which unites with the 


arge intes- 
ajor site of digestion 


superior mesenteric 
splenic vein to form the hepatic 
portal vein carrying nutrient-rich blood to the liver. 
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Regions of the Small Intestine 


The small intestine is divided into three 
regions on the basis of function and histo- 
logical structure. These three regions are f 
the duodenum, jejunum, and ileum. f 

The duodenum (doo “i-de ‘num or 
doo-od %-num) is a relatively fixed, C- 
shaped tube measuring approximately 
25 cm (10 in.) from the pyloric sphincter 
of the stomach to the duodenojejunal 
(doo-od “&-no “j&-joo ‘nal) flexure. The con- 
cave surface of the duodenum faces to 
the left, where it receives bile secretions 
through the common bile duct from 
the liver and gallbladder and pancreatic 
secretions through the pancreatic duct 
of the pancreas (fig. 26.20). These two ducts unite to form 
a common entry into the duodenum called the hepato- 
pancreatic ampulla (hep “a-to-pan ‘kre-at ik am-pool a) 
(ampulla of Vater), which pierces the duodenal wall and 
drains into the duodenum from an elevation called the 
duodenal papilla. It is here that bile and pancreatic juice 
(described later) enter the small intestine. The papilla can 
be opened or closed by the action of the sphincter of papilla 
(sphincter of Oddi). The duodenum is retroperitoneal, 


Duodenum —— 


except fora short portion near the stomach. It differs his- 
tologically from the rest of the small intestine by the pres- 
ence of duodenal (Brunner’s) glands in the submucosa (fig. 
26.21). These compound tubuloalveolar glands secrete 
mucus and are most numerous near the superior end of 
the duodenum. 

The jejunum (j2-joo num) is approximately | m (3 ft) 
long and extends from the duodenum to the ileum. The lumen 
of the jejunum is slightly larger than that of the ileum, and 
the jejunum has more internal folds. The two regions are sim- 
ilar in their histological structure. 

The ileum (il’e-um) makes up the remaining 2 m 
(6-7 ft) of the small intestine. The terminal portion of 
the ileum empties into the medial side of the cecum 
through the ileocecal (il “e-6-se kal) valve. The walls of 
the ileum have an abundance of lymphatic tissue. Aggre- 
gates of lymph nodules called mesenteric (Peyer's) patches 
are characteristic of the wleum. 
aan duodeni, 12 each (distance of 12 fingers breadth) 
ampulla of Vater from Abraham Vater German anatomist, 1684-1751 


sphincter of Oddi. from Ruggera Oddi. Italian physician, nineteenth century 
jejunum L. jejunus, tasting (in dissection it was always found empty) 


ium. Gk e/eo. to roll up 
Peyer's patches from Johann K Peyer, Swiss anatomist, 1653-1 712 
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FIGURE 26.20 


The duodenum and associated structures. 
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FIGURE 26.21 


The microscopic structure of the duodenum. 


structural Modifications for Absorption 


The products of digestion are absorbed across the epithelial 
lining of the intestinal mucosa. Absorption of carbohydrates, 
lipids, protein, calerum, and iron occurs primarily in the 
duodenum and jejunum. Bile salts, vitamin By>, water, and 
electrolytes are absorbed primarily in the ileum. The many 
folds in the small intestine and modifications in the structure 
of its walls provide a large mucosal surface area: therefore, ab- 
sorption occurs ata rapid rate. The mucosa and submucosa 
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FIGURE 26.22 


A diagram of the structure of an intestinal villus. 


form large folds called the plicae (pli’se) circulares, which 
can be observed with the unaided eye. The surface area is 
further increased by the microscopic folds of mucosa called 
villi and by the foldings of the apical cell membrane of ep- 
ithelial cells called microvilli. 

Each villus 1s a fingerlike fold of mucosa that projects 
into the lumen of the small intestine (fig. 26.21). The villi 
are covered with columnar epithelial cells, and interspersed 
among these are the mucus-secreting goblet cells. The lam- 
ina propria forms the connective core of each villus and con- 
tains numerous lymphocytes, blood capillaries, and a 
lymphatic vessel called the lacteal (fig. 26.22). Absorbed 
monosaccharides and amino acids enter the blood capillar- 
Ics; absorbed fat enters the lacteals. 

Epithelial cells at the tips of the villi are continuously 
exfoliated and replaced by cells that are pushed up from the 
bases of the villi. The epithelium at the base of each villus 
invaginates downward at various points to form narrow 


plea L phcatus, toided 
villus L villosus shaggy 
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FIGURE 26.23 


Intestinal villi and intestinal crypts. 


pouches that open through pores to the intestinal lumen. 
These structures are called the intestinal crypts (crypts of 
Lieberktthn) (figs. 26.22 and 26.23). Microvilli, which can 
be seen clearly only in an electron microscope, are fingerlike 
projections formed by foldings of the cell membrane. In a 
light microscope, the microvilli display a somewhat vague 
brush border on the edges of the columnar epithelium. The 
terms brush border and microvilli are often used interchange- 
ably in describing the small intestine (fig. 26.24). 


Intestinal Enzymes 


In addition to providing a large surface area for absorption, 
the cell membranes of the microvilli contain digestive en- 
zymes. These enzymes are not secreted into the lumen but in- 
stead remain attached to the cell membrane with their active 
sites exposed to the chyme. These brush border enzymes hy- 
drolyze disaccharides, polypeptides, and other substrates (table 
26.2). One brush border enzyme, enterokinase (en “té-ro-ki nas), 
is required for activation of the Pprotein-digesting enzyme 
trypsin, which enters the small intestine in pancreatic juice. 


te es 


crypts of Lieberkihn: from Johann N. Lieberkihn, German anatomist, 1711-56 
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_ Electron micrographs of microvilli at the apical surface of the columnar epithelial cells in the small intestine. (a) Lower j 
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Category Enzyme Comments 
Disaccharidase Sucrase Digests sucrose to glucose and fructose; deficiency produces GI disturbances | 
Maltase Digests maltose to glucose | 
Lactase 


coal 


intolerance) 


resence of a brush border enzyme called 
lactase. This enzyme 1s present in all children under 

~ the age of 4 but becomes inactive to some deqree in 

Scandinavians and some 


on the p 


\ The ability to digest milk sugar, or lactose, depends 


most adults (with the exception of 
others). This can result in lactose intolerance. The presence of 
large amounts of undigested lac ca 
diarrhea, gas, cramps, and other unpleasant symptoms. 
Yogurt is better tolerated than milk because yogurt bacteria 
hich, after becoming activated in the 


tose in the intestine causes 


produce lactase w 
duodenum, digests lactose 


Digests lactose to glucose and galactose; deficiency produces GI disturbances (lactose 


ae At 


Intestinal Contractions and Motility 


The small intestine has two major types of contractions: 
peristalsis and segmentation. Peristalsis is much weaker in 
the small intestine than in the esophagus and stomach. In- 
testinal motility—the movement of chyme through the 
intestine—ts relatively slow and is due primarily to the fact 
that the pressure at the pyloric end of the small intestine is 
greater than at the distal end. 


Digestive System 
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FIGURE 26.25 


Segmentation of the small intestine. Simultaneous contractions of 
many segments of the intestine help to mix the chyme with 
digestive enzymes and mucus. 


The major contractile activity of the small intestine is 
segmentation. This term refers to muscular constrictions of 
the lumen, which occur simultaneously at different intesti- 
nal segments (fig. 26.25). This action serves to mix the 
chyme more thoroughly. 

Like cardiac muscle, intestinal smooth muscle is capa- 
ble of spontaneous electrical activity and automatic, rhyth- 
mic contractions. Spontaneous depolarizations begin in 
pacemaker smooth muscle cells at the boundary of the cir- 
cular muscle layer and spread through both the circular and 
longitudinal muscle layers across nexuses. The term nexus is 
used here to indicate an electrical synapse between smooth 
muscle cells. The spontaneous depolarizations, called pace- 
setter potentials, or slow waves, decrease in amplitude as 
they are conducted from one muscle cell to another, much 
like excitatory postsynaptic potentials (EPSPs). The pace- 
setter potentials can stimulate the production of action po- 
tentials when they reach a plateau level of depolarization 
in the smooth muscle cells through which they are con- 
ducted (fig. 26.26). 

The nexuses conduct the pacesetter potentials, not the 
action potentials. Action potentials are, therefore, limited 
to those smooth muscle cells that are depolarized to thresh- 
old by the spreading pacesetter potentials. These action 
potentials therefore stimulate smooth muscle contraction in 
only limited regions of the small intestine, producing the 
localized contractions of segementation. Although this 


Nexus L. nexus. interconnection 


Pacesetter potential 


\ pe ae Action potentials 


Smooth muscle 
pose contraction 


FIGURE 26.26 

The smooth muscle of the gastrointestinal tract produces and 
conducts spontaneous pacesetter potentials. As these potential 
changes reach a threshold level of depolarization, they stimulate 
the production of action potentials, which in turn stimulate 
smooth muscle contraction 


activity is automatic in nature, the excitability of the in- 
testinal smooth muscle cells is increased by acetylcholine re- 
leased by parasympathetic stimulation and is decreased by 
impulses through sympathetic nerves. Relaxation of intesti- 
nal smooth muscle is promoted by nitric oxide produced 
within the smooth muscle cells in response to neurotrans- 
mitters released by autonomic neurons. The neurotransmit- 
ters that cause intestinal relaxation include nitric oxide itself, 
norepinephrine, and vasoactive intestinal peptide, or VIP. 


The large intestine absorbs water and electrolytes from the chyme it 
recetves from the small mtestine and, in a process regulated by the 
action of sphincter muscles, passes undigested waste products out of the 
Gl tract through the rectum and anal canal. 


The large intestine is about 1.5 m (5 ft) long and 6.5 cm 
(2.5 in.) in diameter. It is named the “large” intestine be- 
cause its diameter ts larger than that of the small intestine. 
The large intestine begins at the terminal end of the ileum 
in the lower right quadrant of the abdominal cavity. From 
there, it leads superiorly on the right side to just below the 
liver, where it crosses to the left and then descends into the 
pelvis and terminates at the anus. The mesocolon, a spe- 
cialized portion of the mesentery, supports the large intes- 
tine along the posterior abdominal wall. 

The large intestine has little or no digestive function, 
but it does absorb water and electrolytes from the remaining 
chyme. In addition, the large intestine forms, stores, and ex- 
pels feces from the GI tract. 
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The large intestine. 
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Regions and Structures of the Large Intestine 


The large intestine is structurally divided into the cecum, 
colon, rectum, and anal canal (fig. 26.27). 
The cecum (se kum) is a dilated pouch that hangs in- 
feriorly, slightly below the ileocecal valve. The ileocecal 
valve is a fold of mucous membrane at the junction of the 
small and large intestine that prohibits the backflow of 
chyme. A fingerlike projection illed the appendix is at- 
tached to the inferior medial margin of the cecum. The 8-cm 
(3-1n.) appendix has an abundance of lymphatic tissue that 
may serve to resist infection. 
The open, superior portion of the cecum is continuous 
colon. The colon consists of ascending, transverse, 


the 
with the 26.27). The ascending 


descending, and sigmoid portions (fig. 
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colon extends superiorly from the cecum along the right ab- 
dominal wall to the inferior surface of the liver. Here the 
colon bends sharply to the left at the hepatic flexure and 
transversely crosses the upper abdominal cavity as the trans- 
verse colon. At the left abdominal wall, another right-angle 
bend called the splenic (splen ik) flexure marks the begin- 
ning of the descending colon. The descending colon tra- 
verses inferiorly along the left abdominal wall to the pelvic 
region. The colon then angles medially from the brim of the 
pelvis to form an S-shaped bend known as the sigmoid colon. 

The terminal 20 cm (7.5 in.) of the Gl tract is the rectum, 
and the last 2 to 3 cm of the rectum ts referred to as the anal 
canal (fig. 26.28). The anus is the external opening of the anal 
canal. Two sphincter muscles guard the anal opening: the in- 
ternal anal sphincter, composed of smooth muscle fibers, and 


anus: L. anus, ring 
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FIGURE 26.28 


The anal canal 


the external anal sphincter, composed of skeletal muscle. The 
mucous membrane of the anal canal is arranged into highly 
vascular, longitudinal folds called anal columns. Masses of vari- 
cose veins in the anal area are known as hemorrhoids (hem ‘d- 
roidz); in reference to the condition in which they occur, they 
are also called piles. 

As in the small intestine, the mucosa of the large in- 
testine contains many scattered lymphocytes and lymphatic 
nodules and is covered by columnar epithelial cells and 
mucus-secreting goblet cells. Although this epithelium does 
form intestinal crypts, there are no villi in the large intes- 
tine—the intestinal mucosa therefore appears flat. The outer 
surface of the colon bulges outwards to form pouches, or haus- 
tra (hows ‘tva) (figs. 26.27 and 26.29). The longitudinal mus- 
cle layer of the muscularis externa forms three distinct muscle 
bands, called taeniae coli (te ‘ne-e co li) that run the length of 
the large intestine. Numerous fat-filled pouches called epi- 
ploic appendages (fig. 26.27) are attached superficially to 
the taeniae coli in the serous layer. 


7 A common disorder of the large intestine is 
\ inflammation of the appendix, or appendicitis. 

Wastes that accumulate in the appendix cannot be 
moved easily by peristalsis since the appendix has 

only one opening. The symptoms of appendicitis include 

muscular rigidity, localized pain in the lower right quadrant, 

and vomiting. The chief danger of appendicitis 1s that the 

appendix might rupture, resulting in pentonitis 
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FIGURE 26.29 


A radiograph after a barium enema showing the haustra of 
the large intestine. 


Intestinal Absorption of Fluid and Electrolytes 


Most of the fluid and electrolytes in the lumen of the GI 
tract are absorbed by the small intestine. Although a per- 
son may drink only abour 1.5 L/day of water, the small in- 
testine receives 7 to 9 L/day as a result of the fluid secreted 
into the GI tract by the salivary glands, stomach, pancreas, 
and liver. The small intestine absorbs most of this fluid and 
passes about 1.5 to 2.0 L/day of fluid to the large intestine. 
The large intestine absorbs about 90% of this remaining vol- 
ume, leaving less than 200 ml/day of fluid to be excreted in 
the feces. 

Absorption of water in the large intestine occurs pas- 
sively as a result of the osmotic gradient created by the ac- 
tive transport of ions. The epithelial cells of the intestinal 
mucosa are joined together much like those of the kidney 
tubules and, like the kidney tubules, contain Na*/K* pumps 
in the basolateral membrane. The analogy with kidney 
tubules is emphasized by the observation that aldosterone, 
which stimulates salt and water reabsorption in the renal 
tubules, also appears to stimulate salt and water absorption 


in the large intestine. 
\ by three different diseases, can cause diarrhea. In 
cholera severe diarrhea results 


from the action ofa 
chemical called enterotoxin, which is released from the 
infecting bactena. Enterotoxin stimulates active NaCl 
transport followed by the osmotic mo 
lumen of the large intestine 


Diarrhea is charactenzed by excessive fluid excretion 
in the feces. Three different mechanisms, illustrated 


vement of water into the 


Diarrhea caused by damage to 


the large intestinal mucosa occurs in celiac sprue, a disease 
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Mastication 


Deglutition 


Peristaltic contractions 


Receptive relaxation 


Tonic contractions 

Peristaltic contractions 
“Hunger contractions” 
Peristaltic contractions 


Rhythmic segmentation 


Pendular movements 
Peristaltic contractions 


Variable 


Maximum of 20 
swallows per min 


Depends on frequency 
of swallowing 


Matches frequency 
of swallowing 


15-20 per min 
1-2 per min 

3 per min 
17-18 per min 


12-16 per min 
Variable 
3-12 per min 


Initiated voluntarily, 
proceeds reflexively 


Initiated voluntarily, 
reflexively controlled 
by swallowing center 


Initiated by swallowing 


Unknown 


Autonomic plexuses 
Autonomic plexuses 
Low blood sugar level 
Autonomic plexuses 
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produced in susceptible people by eating foods that contain 
gluten (proteins from grains such as wheat). In lactose 
intolerance, diarrhea is produced by the increased osmolarity 
of the contents of the large intestinal lumen asa result of the 
presence of undigested lactose. 


Mechanical Activities of the large Intestine 


Chyme enters the large intestine through the ileocecal valve. 
About 15 ml of pasty material enters the cecum with each 
rhythmic opening of the valve. The ingestion of food in- 
tensifies peristalsis of the tleum and increases the frequency 
with which the ileocecal valve opens; this is called the gas- 
troileal reflex. Material entering the large intestine accu- 
mulates in the cecum and ascending colon. 

Three types of movements occur throughout the large 
intestine: peristalsis, haustral churning, and mass movement. 
Peristaltic movements of the colon are similar to those of 
the small intestine, though they are usually more sluggish. 
In haustral churning, a relaxed haustrum ts filled until it 
reaches a certain point of distension, and then the muscu- 
laris layer ts stimulated to contract. This contraction not 
aterial to the next haustrum but churns the 


only moves the m ra 
mucosa, Where water and elec- 


contents and exposes it to the 
trolytes are absorbed. Mass movement ts a very strong pert: 
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staltic wave, involving the action of the taeniae coli, that 
moves the colonic contents toward the rectum. Mass move- 
ments generally occur only two or three times a day, usually 
during or shortly after a meal. This response to eating is called 
the gastrocolic reflex and can best be observed in infants 
who have a bowel movement during or shortly after teeding. 

After electrolytes and water have been absorbed, the 
waste material that is left passes to the rectum, leading to 
an increase in rectal pressure and the urge to defecate. If the 
urge to defecate is denied, the feces are prevented from en- 
tering the anal canal by the internal anal sphincter. In this 
case, the feces remain in the rectum and may even back up 
into the sigmoid colon. The defecation reflex normally oc- 
curs when the rectal pressure rises to a particular level, de- 
termined largely by habit. At this point, the internal anal 
sphincter relaxes to admit the feces into the anal canal. 

During the act of defecation, the longitudinal rectal mus- 
cles contract to increase rectal pressure and the internal and ex- 
ternal anal sphincter muscles relax. Excretion 1s aided by 
contractions of abdominal and pelvic skeletal muscles, which 
raise the intra-ahdominal pressure and help push the feces from 
the rectum through the anal canal and out the anus. 

The mechanical activities of the GI tract are summa- 
rized in table 26.3. 
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Structure of the liver 


The liver is the largest internal organ of the body, weigh- 
ing ahout 1.7 kp (3.5 to 4.0 Ibs) in an adult. It is positioned 


In addition to regulaung the chemical composition of the blood in immediately beneath the diaphragm in the right hypochon- 
numerous ways, the liver produces and secretes bile, which ts stored and drium of the abdominal cavity. Its reddish-brown color is 
concentrated in the gallbladder prior ty ts discharge into the duodenum, due to its great vascularity, 


The pane Teds prod es Puncredtic pute ce, dn exocTIMe sectetion 
containmg brcurbonate and unportant digestive enzymes thacis delivered 


into the duodenum «a the pancreatic duct. 


The liver has two major lobes and two minar lobes. 
Anteriorly, the right lobe is separated from the smaller left 
lobe by the falciform ligament (fig. 26.30). Inferiorly, the 
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A liver lobule and the histology of the liver. (a) A liver lobule seen in cross section and (b) longitudinal section. Blood 
enters a liver lobule through the vessels in a hepatic triad, passes through hepatic sinusoids, and leaves the lobule 
through a central vein. The central veins converge to form hepatic veins that transport venous blood from the liver. 
(c) A photomicrograph of a liver lobule in transverse section. tees : - 


caudate lobe is positioned near the inferior vena cava, and 
the quadrate lobe is adjacent to the gallbladder. The falci- 
form ligament attaches the liver to the anterior abdominal 
wall and the diaphragm. Continuous along the free border of 
the faleiform ligament to the umbilicus is a ligamentum 
teres (round ligament), which ts the remnant of the umbil- 
ical vein of the fetus. The porta of the liver ts where the he- 
patic artery, portal vein, lymphatics, and nerves enter the 
liver and where the hepatic ducts exit. 

Although the liver is the largest internal organ, it ts, in 
a sense, only one to two cells thick. This ts because the liver 
cells, or hepatocytes, form hepatic plates that are one to 
two cells thick, and the hepatic plates are separated trom 
each other by large capillary spaces called sinusoids (figs. 
26.31 and 26.32). The sinusoids are lined with phagocytic 


hepatic Gk hepatos, liver 
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Kupffer (koop fer) cells, but the large intercellular gaps be- 
tween adjacent Kupffer cells make these sinusoids more per- 
meable than other capillaries. Because of the hepatic plate 
structure of the liver and the very permeable sinusoids, each 
hepatocyte is in close contact with the blood. 


Hepatic Portal System = The products of digestion that are 
absorbed into blood capillaries in the GI tract do not enter 
the general circulation directly. Instead, this blood is deliv- 
ered first to the liver. Capillaries in the stomach, small in- 
testine, and large intestine drain venous blood into veins 
that converge to form the hepatic portal vein, which carries 
blood to capillaries in the liver. [tis not until the blood has 
passed through this second capillary bed that it enters the 
general circulation through the two hepatic vems that drain 


Pee ee ee ee eee eee ee eee eee eee eee ey 


Kupfter cells: trom Karl W. Kupfter, Bavarian anatomist, 1829-1902 
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FIGURE 26.32 Branch of portal vein 

The flow of blood and bile in a liver lobule. Bile duct 
Blood flows within sinusoids from a portal 


Bile canaliculus Sinusoids 


vein to the central vein (from the periphery to “y+ re i: ~ a” 
the center of a lobule). Bile flows within . 0 te X ° \e@ 
hepatic plates from the center to bile ducts at “|= © eae 


, % SN 


the periphery of a lobule. 


the liver. The term hepatic portal system 
(see fig. 21.33) is used to describe this 
unique pattern of circulation: capillaries 
— vein > capillaries > vein. In addition 
to receiving venous blood from the GI 
tract, the liver also receives arterial blood 
from the hepatic artery. 


Liver Lobules The hepatic plates are 
arranged into functional units called liver 
lobules (figs. 26.31 and 26.32). In the 
middle of each lobule is a central vein, 
and at the periphery of each lobule are 
branches of the hepatic portal vein and 
of the hepatic artery. These branches 
open into the spaces between hepatic 
plates. The portal venous blood, contain- 
ing molecules absorbed in the GI tract, 
mixes with the arterial blood within the 
sinusoids as it flows from the periphery of 
the lobule to the central vein. The cen- 
tral veins of different liver lobules con- 
verge to form the two hepatic veins that 
carry the blood from the liver to the in- 
ferior vena cava. 

Bile is produced by the hepatocytes 
and secreted into thin channels called bile 
canaliculi (kan “a-lik “yoo-li) located within 
each hepatic plate. These bile canaliculi 
are drained at the periphery of each lob- 


ule by bile ducts, which in turn drain into ‘Compounds with an enterohepatic circulation are absorbed to some degree by the 
hepatic ducts that carry bile away from the intestine and are returned to the liver in the hepatic portal vein. 


liver. Since blood travels in the sinusoids 
and bile travels in the opposite direction within the hepatic Enterohepatic Circulation In addition to the normal con- 
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plates, blood and bile do not mix in the liver lobules. stituents of bile, a wide variety of exogenous compounds 
In cirrhosis, large numbers of liver lobules are (drugs) are secreted by the liver into the bile ducts (table 
destroyed and replaced with permanent connective 26.4). The liver can thus “clear” the blood of particular 
tissue and “regenerative nodules” of hepatocytes. compounds by removing them from the blood and excreting 


These regenerative nodules do not have the platelike 
structure of normal liver tissue and are therefore less functional. 
One indication of their depressed function is the entry of 


them into the small intestine with the bile. (The liver can 
also clear the blood by other mechanisms that will be de- 


ammonia from the hepatic portal blood into the general scribed in a later section.) 
circulation. Cirrhosis may be caused by chronic alcohol abuse, Many compounds that are released with the bile into 
viral hepatitis, or by other agents that attack liver cells. the small intestine are not excreted with the feces, however. 
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Some of these can be absorbed and 
enter the hepatic portal blood. These 
absorbed molecules are carried back to 
the liver, where they can be again secreted 
by hepatocytes into the bile ducts. Com- 
pounds that recirculate between the liver 
and small intestine in this way are said 
to have an enterohepatic circulation 


(fig. 26.33). 


Functions of the liver 


Because of its very large and diverse en- 
zymatic content, its unique structure, and 
the fact that it receives food-ladened 
blood from the small intestine, the liver 
has a wider variety of functions than any 
other organ in the body. The major cate- 
gories of liver function are summarized in 


table 26.5. 


Bile Production and Secretion = The liver 
produces and secretes 250 to 1500 ml of 
bile per day. The major constituents of bile 


include bile salts, bile pigment (bilirubin), 
phospholipids (mainly lecithin), choles- 
terol, and inorganic ions (table 26.6). 
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see eS Se Pat abel! Tee 3 _ 


Actions 
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Detoxification of Phagocytosis by Kupffer cells Lipid metabolism 


blood Chemical alteration of biologically 


active molecules (hormones and 
drugs) 

Production of urea, uric acid, and 
other molecules that are less toxic 
than parent compounds 


Protein synthesis 


Excretion of molecules in bile 

Conversion of blood glucose to 
glycogen and fat 

Production of glucose from liver 
glycogen and from other molecules 
(amino acids, lactic acid) by 
gluconeogenesis 

Secretion of glucose into the blood 


Carbohydrate 
metabolism 


Secretion of bile 


Synthesis of triglyceride and cholesterol 
Excretion of cholesterol in bile 


Production of ketone bodies from fatty acids 
Production of albumin 
Production of plasma transport proteins 


Production of clotting factors 
(fibrinogen, prothrombin, and others) 


Synthesis of bile salts 


Conjugation and excretion of bile pigment 
(bilirubin) 
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able 06.6 Composition of bile 


Com onen > \- 


Concentration 


5.7-8.6 

140-2230 mg/100 ml 
140-810 mg/100 mi 
97-320 mg/100 mi 
12-70 mg/100 ml 
5-45 mg/100 ml 


General 
circulation 


Hepatic 


Gall- 
bladder 


Small 
intestine 


FIGURE 26.34 

The enterohepatic circulation of urobilinogen. Bacteria in the 
intestine convert bile pigment (bilirubin) into urobilinogen. Some 
of this pigment leaves the bady in the feces: some is absorbed by 
the intestine and 1s recycled through the liver. A portion of the 
uroglobin that is absorbed enters the general circulation and ts 
filtered by the kidneys into the urine 


portal vein 


Bile pigment, or bilirubin (bil “T-roo “bin), is produced 
in the spleen, liver, and bone marrow from heme groups 
(minus the iron) derived from hemoglobin. Without the 
protein part of hemoglobin, the free bilirubin 1s not very 
water-soluble and thus must be carried in the blood attached 
to albumin proteins. This protein-bound bilirubin can nei- 
ther be filtered by the kidneys into the urine nor directly 
excreted by the liver into the bile. 

The liver can take some of the free bilirubin out of 
the blood and conjugate (combine) it with glucuronic acid. 
This conjugated bilirubin is water-soluble and is secreted 
into the bile. Once the conjugated bilirubin enters the 
small intestine, it is converted by bacteria into another 
pigment, urobilinogen (yoo “r6-bi-lin ‘o-jen), which is par- 
ually responsible for the color of the feces. About 30% to 
50% of the urobilinogen, however, is absorbed by the small 
intestine and enters the hepatic portal blood. Some is re- 
turned to the small intestine in an enterohepatic circula- 
tion; the rest enters the 
general circulation (fig. 
26.34). The urobilinogen 
in plasma, unlike free 
bilirubin, is not attached 
to albumin and therefore 
is easily filtered by the 
kidneys into the urine, 
giving urine its charac- 
teristic yellow color. 

Bile salts are deriv- 
atives of cholesterol that 
have two to four polar 
groups on each molecule. 
The principal bile salts in 
humans are cholic acid and 
chenodeoxycholic (ke “no- 
de-ok-st-ko lik) acid (fig. 
26.35). In aqueous solu- 


Urobilinogen tions, these molecules 


in urine “huddle” together to form 
aggregates known as mi- 
celles. The nonpolar parts 
are located in the cen- 
tral region of the micelle 
(away water), 
whereas the polar groups 
face water around the 
periphery of the micelle. 
Lecithin, cholesterol, and 
other lipids enter these 


‘> Urobilinogen 


in feces from 


micelles ina process that 
aids the digestion and ab- 
sorption of fats, 
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FIGURE 26.35 


The two maior bile acids (which form bile salts) in humans. 


Detoxification of the Blood =The liver can remove hor- 
mones, drugs, and other biologically active molecules from 
the blood by (1) excretion of these compounds in the bile, 
(2) phagocytosis by the Kupffer cells that line the sinusoids, 
and (3) chemical alteration of these molecules within the 
hepatocytes. 

Ammonia, for example, is a very toxic molecule pro- 
duced by the action of bacteria in the large intestine. Since 
the ammonia concentration of hepatic portal blood is four to 
fifty times greater than that of blood in the hepatic vein, it 
is clear that the ammonia is removed by the liver. The liver 
has the enzymes needed to convert ammonia into less toxic 
urea molecules. Urea is secreted by the liver into the blood 
and excreted by the kidneys in the urine. Similarly, the liver 
converts toxic porphyrins into bilirubin and toxic purines 
into uric acid. 

Steroid hormones and many drugs are inactivated in 
their passage through the liver by modifications of their 
chemical structures. The liver has enzymes that convert 
these nonpolar molecules into more polar (more water- 
soluble) forms by hydroxylation (the addition of OH groups) 
and by conmgation with highly polar groups, such as sulfare 
and glucuronic acid. Polar derivatives of steroid hormones 
and drugs are less biologically active and, because of their 
increased water solubility, are more easily excreted by the 


kidneys into the urine. 
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Secretion of Glucose, Triglycerides, and Ketone Bodies 
The liver helps to regulate the blood glucose concentration 
by either removing glucose from the blood or adding glu- 
cose to it, according to the needs of the body. After a 
carbohydrate-rich meal, the liver can remove some glucose 
from the hepatic portal blood and convert it into glycogen 
and triglycerides through the processes of glycogenesis 
(gli “ko-jen “T-sis) and lipogenesis, respectively. During fast- 
ing, the liver secretes glucose into the blood. This glucose 
can be derived from the breakdown of stored glycogen in a 
process called glycogenolysis (gli “ko-jé-nol ‘Lsis), or it can be 
produced by the conversion of noncarbohydrate molecules 
(such as amino acids) into glucose in a process called glu- 
coneogenesis (gloo “ko-ne “6-jen“t-sis). The liver also con- 
tains the enzymes required to convert free fatty acids into 
ketone bodies (ketogenesis), which are secreted into the 
blood in large amounts during fasting. These processes are 
controlled by hormones and are explained in more detail in 
chapter 27. 


Production of Plasma Proteins Plasma albumin and most 
of the plasma globulins (with the exception of im- 
munoglobulins) are produced by the liver. Albumin consti- 
tutes about 70% of the total blood plasma protein and 
contributes most to the colloid osmotic pressure of the blood. 
The globulins produced by the liver have a wide variety of 
functions, including transport of cholesterol and triglyc- 
erides, transport of steroid and thyroid hormones, inhibi- 
tion of trypsin activity, and blood clotting. Clotting factors 
I (fibrinogen), I (prothrombin), HI, V, VI, IX, and XI] are all 


produced by the liver. 


ballhladder 


The gallbladder is a saclike organ attached to the inferior 
surface of the liver. This organ stores and concentrates bile, 
which drains to it from the liver by way of the bile ducts, he- 
patic duct, and cystic duct, respectively. A sphincter valve at 
the neck of the gallbladder allows a storage capacity of about 
35 to 100 ml. The inner mucosal layer of the gallbladder is 
arranged in rugae similar to those of the stomach. When the 
gallbladder fills with bile, it expands to the size and shape of 
a small pear. Bile is a yellowish-green fluid containing bile 
salts, bilirubin, cholesterol, and other compounds as previ- 
ously discussed. Contraction of the muscularis ejects bile 
from the cystic duct into the common bile duct, through 
which it ts conveyed into the duodenum (fig. 26.36). 

Bile is continuously produced by the liver and drains 
through the hepatic and common bile ducts to the duodenum. 


cystic: Gk. Aystis, pouch 
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FIGURE 26.36 


The pancreatic duct joins the common bile duct to empty its 
secretions through the duodenal papilla into the duodenum. The 
release of bile and pancreatic juice into the duodenum 1s 
controlled by the sphincter of ampulla (Oddi). 
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When the small intestine is empty of food, the sphincter of 
ampulla (sphincter of Oddi) closes, and bile is forced up the 
cystic duct to the gallbladder for storage. 


gallstones—small, hard mineral deposits (calculi) that 
can produce painful symptoms by obstructing the 
cystic or common bile ducts Gallstones usually 
contain cholesterol as their major component Cholesterol 
normally has an extremely low water solubility (20 pg/L), but it 
can be present in bile at 2 million times its water solubility (40 
g/L) because cholesterol molecules cluster together with bile 
salts and lecithin in the hydrophobic centers of micelles. In 
order for gallstones to form. the liver must secrete enough 
cholesterol to create a supersaturated solution, and some 
substance within the gallbladder must serve asa nucleus for 
the formation of cholesterol crystals. The gallstone is formed 
from cholesterol crystals that become hardened by the 
precipitation of inorganic salts (fig. 26.37). Gallstones may be 
removed surgically or they may be dissolved by oral 
ingestion of bile acids. A newer treatment involves 
{fragmentation of the gallstones by high-energy shock waves 
delivered to a patient immersed in a water bath This 
procedure is called extracorporeal shock-wave lithotripsy. 


a \ Approximately 20 million Americans have 


Ji 


Pancreas 


The pancreas (sce fig. 26.20) is a sott, lobulated, glandular 
organ that has both exocrine and endocrine functions. The 
endocrine function is performed by clusters of cells called 


= Common hepatic duct 


Common bile duct 


Accessory pancreatic 


Pancreatic duct 


(a) 


(b) 


FIGURE 26.37 

(a) A radiograph of a gallbladder that contains gallstones. 

(b) A postenor view of a gallbladder that has been removed 
(cholecystectomy) and cut open to reveal its gallstones (biliary 
calcul). (A dime is placed in the photo to show relative size.) 


‘the pancreatic islets (islets of Langerhans) that secrete 
the hormones insulin and glucagon into the blood (chap- 
ter 19). Ay an exocrine gland, the pancreas secretes pan- 
creatic yuice through the pancreatic duct into the 
duodenum. The exocrine secretory units of the pancreas 
are called acini (as “i-nt). Each acinus (fig. 26.38) consists 


pancreas Gk. pan, all, kreas, flesh 
islets of Langerhans from Paul Langerhans, German anatomist, 1847-88 
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FIGURE 26.38 


The microscopic structure of the pancreas showing exocrine acini 
and pancreatic islets. 


of a single layer of epithelial cells surrounding a lumen into 
which the constituents of pancreatic juice are secreted. 
The pancreas is positioned horizontally along the pos- 
terior abdominal wall, adjacent to the greater curvature of 
the stomach. It is about 12.5 cm (6 in.) long and 2.5 cm (1 
in.) thick and consists of an expanded head near the duo- 
denum, a centrally located body, and a tapering tail. All but 
a portion of the head is positioned retroperitoneally. 
Innervation of the pancreas is provided by branches 
of the celiac plexus. The glandular portion receives 


acinus: L. acinus, grape 
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parasympathetic innervation, whereas the pancreatic blood 
vessels receive sympathetic innervation. The pancreas ts 
supplied with blood by the pancreatic branch of the splenic 
artery arising from the celiac artery and by the pancreato- 
duodenal branches arising from the superior mesenteric 
artery. Venous blood is returned through the splenic and 
superior mesenteric veins into the hepatic portal vein. 


of cancer. This is probably because of the spongy, 
vascular nature of this organ and its vital exocrine 
and endocrine functions. Pancreatic surgery is a 
problem because the soft, spongy tissue is difficult to suture. 


\ Pancreatic cancer has the worst prognosis of all types 


Jj 


Pancreatic Juice }= Pancreatic juice contains water, bicar- 
bonate, and a wide variety of digestive enzymes that are 
secreted into the duodenum. These enzymes include (1) amy- 
lase, which digests starch; (2) trypsin, which digests protein; 
and (3) lipase, which digests triglycerides. Other pancreatic 
enzymes are indicated in table 26.7. It should be noted that 
the complete digestion of food molecules in the small intestine 
requires the action of both brush border enzymes and pan- 
creatic enzymes. 

Most pancreatic enzymes are produced as inactive mol- 
ecules, or zymogens, so that the risk of self-digestion within 
the pancreas is minimized. The inactive form of trypsin, 
called trypsinogen, is activated within the small intestine 
by the catalytic action of the brush border enzyme en- 
terokinase. Enterokinase converts trypsinogen to active 
trypsin. Trypsin, in turn, activates the other zymogens of 
pancreatic juice (fig. 26.39) by cleaving off polypeptide se- 
quences that inhibit the activity of these enzymes. 

The activation of trypsin serves as the trigger for the ac- 
tivation of other pancreatic enzymes. Actually, the pancreas 
does produce small amounts of active trypsin, yet the other 


Enzyme Zymogen Activator Action 
Trypsin Trypsinogen Enterokinase Cleaves internal peptide bonds ) 
Chymotrypsin Chymotrypsinogen Trypsin Cleaves internal peptide aed ; 
Elastase Proelastase Trypsin 
Carboxypeptidase Procarboxypeptidase Trypsin 
Phospholipase Prophospholipase 
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The maricreane protein-digesting enzyme Irypain is secreted in an 
tm known as trypsinogen Thus inactive enzyrie 
itivated by a brush border enzyme, enterokinase 


Active trepein in 
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membrane of microvick 


TAJeTA IN Paancrexsiic juice 


enzymes are not acnvated until the pancreatic juice hay en- 
tered the duodenum. This ts because pancreatic puice also 
contains a stall protein called pancreatic tyypsin mbibitor that 
attaches to trypsin and inactivates itin the pancreas. 


< Inflammetion of the pancreas may result when the 

vanous safeguards against sell-digestion are 

insuffioent. Acute pancreains 15 beloved to be 

+tused by the rethix of pancrethe juice and knje from 
the duodenum inte the pancreatic duct Leakage of trypsin 
into the blood also orcurs bul trypsin ss uraetive in the blood 
hecuuse of the inhibitory acuon « liwo plasma proteins, a 
mutrypsin and am rcroglobuhhn Pancreaic amylase may 
also Jeak into the blood. bul itis notactive because Its 

not present iri blood Pancreatic 


substrate (glycogen! ts 
» however, and 


amylase activity can be mea arexd inh vite 
these measurements 


health of the pancreas 


are commonly pertormed lo assess the 
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Digestion and Absorption of 


Carbohydrates, Lipids, and Proteins 
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Jonter thert eubrenate, 


Pots scacc Pearade s crud foorlvpreprtetes oars hadridy ze 
which enter the eputhelal cells of the unite strual olle and are secreted mu 


Hoaed capullaries Fut v ermualufied by the actninad hele salts, bydrodvred 


mite fatey actds and monoglycendes, and absorbed into the mtestinal 
cpathelial cells. Once mn the cells mighvcerades are resynthesered and 
combined wath proremns to form parucles that are scercted into the 
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The calorte (energy) value ot tood 1s derived mainly trom 
its content of carbohydrates, lypads, and protems. In the aw- 
crave American diet, carbobydrates account tor approxa: 
mately 30% of the total calones, protean accounts tor PTS toy 
14%, and lipids make up the halince. These towd molecules 
consist primanly of long combinations of subunits 
(monomers), which must be digested by hydrolysis reactions 
inte free monomers belore absorption can occur. The char- 
actenstics of the mayor digestive enzymes are summarized in 


table 26.5. 


Digestion and Absorption of Carbohydrates 


Most of the ingested carbohydrates are in the torm oft starch, 
which isa dong polysaccharide of glicose in stramhe chains 
with occasional hrnebings. The most commonly ingested 
sugars are the disaccharides sucrose (rible sugar, consisting 
ot glucose and fructose) and lactose GraTk sagan, conseting of 
vhicose and galactose). The digestion of starch begins in the 
mouth wath the action of salivary amylase, or ptyalin (ua 
lin). Although this enzyme cleaves same ot the bonis be- 
tween adjacent glucose molecules, most people don't chew 
their food long enough for sufficient digestion fe occur in 
the mouth. The chpestive acon of salivary amybase stops 
when the bolus enters the stomach because this enzyme os 
inactivated atthe low pH of paste parce. 

The digestion of starch, therefore, occurs mainly in the 
duodenum as a result of the achion of pancreatic amylase. 
This enzyme cleaves the straht chains of starch to produce 
the disaccharide maltose and the trsaccharide malrrse Pun- 
creatic amylase, however, cannon hydrolyse the bend be- 
tween glucose molecules at the branch points in the starch, 
As aresult, short, branched chains oft glucose molecules, 
called oligesacchartdes. are released tovether with taltose 
and maltriose by the activity of this enzyme (tie. 26.40) 

Maltose, malrriose, and olieosacchurtdes dre hydrolyzed 
to ther monesacchondes by brush border enzymes located on 
the microvilli ot the epithelial cells in che small intestine. 
The brush border enzymes also hydrolyze the disaccharides 
sucrose ind Lactose mito there component monosaccharides 
These monosaccharides are then mowed across the epithelial 
cell membrane by secondary active transport, in which the 
hucese shares «Common membrine carter with Nae (chap- 
rer 9) Finally, ghicese os secreted trom the epithelial cells 
inte blood capillaries within the intestinal vill. 


Digestion and Absorption of Proteins 


ote live y . 
Protein Jiwestas Whegins inthe stomach with the action of 
“ ~ . 
#3 pen. Some amino acts are liberated in the stomach, but 
f 
the major products of pepsin digestion are short-chain 
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FIGURE 26.40 


Pancreatic amylase digests starch into maltrose, maltriose, and 
short oligosaccharides containing branch points in the chain of 


glucose molecules. 


polypeptides. Pepsin digestion helps to produce amore ho- 
mogenous chyme, bur it is not essential for the complete di- 
gestion of protein that occurs—even in people with total 
gastrectomies—in the small intestine. 

Most protein digestion occurs in the duodenum and 
jeyunum. The pancreatic juice enzymes trypsin, chy- 
motrypsin (ki md-trip sin), and elastase cleave peptide 
bonds within the interior of the polypeptide chains. These 
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enzymes are thus classified as endopeptidases (en “do-pep tt 
das “éz). Enzymes that remove amino acids from the ends of 
polypeptide chains, by contrast, are classified as exopepti- 
dases. These include the pancreatic juice enzyme car- 
boxypeptidase, which removes amino acids from the 
carboxy-terminal end of polypeptide chains, and the brush 
border enzyme aminopeptidase, which cleaves amino acids 
from the amino-terminal end of polypeptide chains. 

Asa result of the action of these enzymes, polypeptide 
chains are digested into free amino acids, dipeptides, and 
tripeptides. The free amino acids are absorbed by cotrans- 
port with Na* into the epithelial cells and secreted into 
blood capillaries. The dipeptides and tripeptides may enter 
epithelial cells by a different carrier system, but they are 
then digested within these cells into amino acids, which are 
secreted into the blood (fig. 26.41). 

Newborns appear to be capable of absorbing a sub- 
stantial amount of undigested proteins (hence, they can ab- 
sorb anubodies from their mother's first milk); in adults, 
however, only the free amino acids enter the hepatic portal 
vein. Foreign food protein, which would be very antigenic, 
does not normally enter the blood. An interesting excep- 
tion is the protein toxin that causes botulism, produced hy 
the bacterium Clostridium bordinum. This protein is resis- 
tant to digestion and is absorbed into the blood. 


Digestion and Absorption of lipids 


In neonates (newborns), the salivary glands and stomach 
produce lipases. In adults, however, very little fat digestion 
occurs until the fat globules in chyme have arrived in the 
duodenum. Through mechanisms described in the next sec- 
tion, the arrival of fat in the duodenum serves as a stimulus 
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FIGURE 26.41 


Polypeptide chains are digested into free amino acids, 
dipeptides. and tnpeptides by the action of pancreatic juice 
enzymes and brush border enzymes. The amino acids, 
dipeptides. and tnpeptides enter duodenal epithelial cells. 
Dipeptides and tripeptides are hydrolyzed into free amino acids 
within the epithelial cells. and these products are secreted into 
capillanes that carry them to the hepatic portal vein. 


for the secretion of bile. Ina process called emulsification, 
bile salt micelles act to break up the large lipid droplets into 
tiny emulsification droplets of triglycerides. Note that emul- 
sification ty not chemical digestion—the bonds joining glyc- 
erol and fatty acids are not hydrolyzed by this process. 


Digestion of Lipids) The emulsification of fat aids diges- 
tion because the smaller and more numerous emulsification 


droplets present a greater surface area than the unemulsi- 


fied fat droplets that originally entered the duodenum. Fat 


digestion occurs at the surtace of the droplets through che 


enzymatic action of pancreatic lipase. This action is aided by 
a protein called colipase—also secreted by the pancreas— 
that coats the emulsification droplets and anchors the li- 
pase enzyme to them. Through hydrolysis, lipase removes 
two of the three fatty acids from each triglyceride molecule 
and thus liberates free fatty acids and monoglycerides (fig. 
26.42). Phospholipase A likewise digests phospholipids, 
such as lecithin, into fatty acids and lysolecithin (the re- 
mainder of the lecithin molecule after two fatty acids have 
been removed). 

Free fatty acids, monoglycerides, and lysolecithin are 
more polar than the undigested lipids and quickly become as- 
sociated with micelles of bile salts, lecithin, and cholesterol 
to form “mixed micelles” (fig. 26.43). These micelles then 
move to the brush border of the intestinal epithelium, where 


absorption occurs. 


Absorption of Lipids Free fatty acids, monoglycerides, and 
lysolecithin can leave the micelles and pass through the 
membrane of the microvilli to enter the epithelial cells of 
the small intestine. There is also some evidence that the 
micelles may be transported intact into the epithelial cells 
and that the lipid digestion products may be removed in- 
tracellularly from the micelles. In either event, these prod- 
ucts are used to resynthesize triglycerides and phospholipids 
within the epithelial cells. This process is different from the 
absorption of amino acids and monosaccharides, which pass 
through the epithelial cells without being altered. 

Triglycerides, phospholipids, and cholesterol are then 
combined with protein inside the epithelial cells to form 
particles called chylomicrons (ki“15-mi‘kronz). These tiny 
lipid and protein combinations are secreted into the lym- 
phatic capillaries of the intestinal villi (fig. 26.44). Absorbed 
lipids pass through the lymphatic system, eventually enter- 
ing the venous blood by way of the thoracic duct (chapter 
23). By contrast, amino acids and monosaccharides enter 
the hepatic portal vein. 


Transport of Lipids in Blood = Once the chylomicrons are in 
the blood, their triglyceride content is removed by the en- 
zyme lipoprotein lipase, which ts attached to the endothe- 
lium of blood vessels. This enzyme hydrolyzes triglycerides 
and thus provides free fatty acids and glycerol for use by the 
tissue cells. The remaining remnant particles, containing cho- 
lesterol, are taken up by the liver; this ts a process of endo- 
cytosis, Which requires membrane receptors for the protein 
part (or apoprotem) of the remnant particle. 

Cholesterol and triglycerides produced by liver cells 
are combined with other apoproteins and secreted into 
the blood as very-low-density lipoproteins (VLDLs) that 
deliver these triglycerides to different organs. Once the 
triglycerides have been removed, the VLDL is converted to 
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Pancreatic lipase digests fat (triglycerides) by cleaving off the first 
and third fatty acids. This produces free fatty acids and 
monoglycerides. Sawtooth structures indicate hydrocarbon 
chains in the fatty acids. 
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low-density lipoproteins (LDLs) that transport choles- 
terol to various organs, including blood vessels (chapter 
21). Excess cholesterol is returned from these organs to 
the liver attached to high-density lipoproteins (HDLs). A 
high ratio of HDL-cholesterol to total cholesterol is be- 
lieved to offer protection against atherosclerosis (chapter 
21). The characteristics of these lipoproteins are summa- 
rized in table 26.9. 


fleural and Endocrine Regulation 


of the Digestive aystem 


The activities of different regions of the GI tract are coordinated by the 
actions of the vagus nerves and various hormones secreted by the 
stomach and small mtesune. The stomach begins to merease tts secretion 


in anticipation of a meal. In response to the ammval of chyme , it becomes 
sull more active. The entry of chyme mto the duodentwem sumulates the 
secretion of hormones that promote contractions of the gallbladder, 
secretion of pancreatic juice, and imbibition of gastric activity 


The motility and glandular secretions of the GI tract are, to 
a large degree, regulated intrinsically. Neural and endocrine 
control mechanisms, however, can stimulate or inhibit these 
intrinsic mechanisms to help coordinate the different stages 
of digestion. The sight, smell, or taste of food, for example, 
can stimulate salivary and gastric secretions by activation 
of the vagus nerves, thus helping to “prime” the digestive 
system in preparation for a meal. Stimulation of the vagus 
nerves, in this case, originates in the brain and is a condi- 
tioned reflex (as Pavlov demonstrated by training dogs to 
salivate in response to a 
bell). The vagus nerves are 
also involved in the reflex 
control of one part of the 
digestive system by an- 
other—these are “short re- 
flexes,” and do not involve 
the brain. 

(3] The GI tract is both an 

Free fatty 


ids one enema ¥ endocrine gland and a target 


mo for the action of 4 arious hor- 

mones. Indeed, the first hor- 
mones to be discovered were 
Gl tract hormones. In 1902 
two English physiologists, 
Sir William Bayliss and 


Pavlov, Ivan Petrovich: Russian 
physiologist, 1849-1936 

Bayliss, Sir William Maddock. English 
physiologist, 1860-1924 
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Lumen of Ernest Starling, discovered that the duodenum 
ape nesting produced a substance that acted as a chemical regula- 
tor. They named this substance secretin (sé-kre ‘tin) and 
proposed, in 1905, that it was but one of many yet undis- 
covered chemical regulators produced by the body. 
Bayliss and Starling coined the term hormones for this 
new class of regulators. In that same year, other investi- 
gators discovered that an extract from the pyloric re- 
gion of the stomach stimulated gastric secretion. The 
hormone gastrin was thus the second hormone to be 
discovered. 

The chemical structures of gastrin, secretin, and 
the duodenal hormone cholecystokinin (ko “1é-sis “t5- 
ki‘nm), or CCK, were determined in the 1960s. More 
recently, a fourth hormone produced by the small in- 
testine, gastric inhibitory peptide (GIP), has heen 
added to the list of proven GI tract hormones. The ef- 
fects of these hormones are summarized in table 26.10. 


Regulation of bastric Function 


Gastric motility and secretion are, to some extent, au- 
tomatic. Waves of contraction that serve to push chyme 


Triglycerides 
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P+ prot 


To through the pyloric sphincter, for example, are mitiated 
ioe spontancously by pacesetter cells in the vreater curva- 
ture of the stomach. Likewise, the secretion of HC] and 

Lacteal pepsinogen can be stimulated in the absence of neural 

(50 FIGURE 26.44 and hormonal influences by the presence of cooked or 
Fatty acids and monoglycerides from the micelles within the partially digested protein in the stomach. The effects of 


sma!) intestine are absorbed by epithelial cells and converted 
ularly into tnglycendes. These are then ce mbined with 
the lymphatic vessels 


autonomic nerves and hormones are superimposed on 
protein to form chylomicrons, which enter this intrinsic activity. The extrinsic control of gastric 
(lacteals) of the villi These lymphatic vessels transport the function is conventently divided into three phases: the 
chylomicrens to the thoracic duct, which empties them into the cephalic phase, the gastric phase, and the intestinal 
venous blood phase. 


intracell 
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Starling, Ernest Henry: English physiologist, 1866-1927 
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- Gastrn Stomach Stimulates parietal cells to secrete HCI 

wo Stimulates chief cells to secrete pepsinogen 

} a Maintains structure of gastric mucosa 

- Secretin Small intestine Stimulates water and bicarbonate secretion in pancreatic juice 
: Potentiates actions of cholecystokinin on pancreas 

_ Cholecystokinin (CCK) Small intestine Stimulates contraction of the gallbladder 


Stimulates secretion of pancreatic juice enzymes 


Cephalic Phase During the cephalic phase, the brain reg- 
ulates gastric gland secretion via the vagus nerves. As pre- 
viously discussed, various conditioned stimuli can evoke 
gastric secretion before food reaches the stomach. This con- 
ditioning in humans is, of course, more subtle than that ex- 
hibited by Pavlow’s dogs in response to a bell. In fact, just 
talking about appetizing food is sometimes a more potent 
stimulus for gastric acid secretion than the actual sight and 
smell of food! 

Activation of the vagus nerves can stimulate HCI and 
pepsinogen secretion by two mechanisms: (1) direct vagal 
stimulation of the gastric parietal and chief cells (the pri- 
mary mechanism) and (2) vagal stimulation of gastrin se- 
cretion by the G cells, which in turn stimulates the parietal 
and chief cells to secrete HCI and pepsinogen, respectively. 
This cephalic phase stimulation of gastric secretion contin- 
ues into the first 30 minutes of a meal but gradually declines 
in importance as the next phase becomes predominant. 


Gastric Phase) The arrival of chyme into the stomach 
stimulates the gastric phase of regulation. Gastric secre- 
tion is stimulated in response to two factors: (1) distension 
of the stomach, which is determined by the amount of 
chyme, and (2) the chemical nature of the chyme. While 
intact proteins have little smulatory effect, the presence of 
short polypeptides and amino acids in the stomach stimu- 
lates the G cells to secrete gastrin and the parietal and chief 
cells to secrete HCI and pepsinogen, respectively. Since 
gastrin also stimulates HCI and pepsinogen secretion, a pos- 
itive feedback mechanism develops: as more HCI and pepsino- 
gen are secreted, more short polypeptides and amino acids 
are released trom the ingested protein, thus stimulating 
additional secretion of gastrin and, therefore, additional 


Potenti 


ates action of secretin on pancreas 


E Pancreas (at 


secretion of HCI and pepsinogen (fig. 26.45). Glucose in 
the chyme, by contrast, has no effect on gastric secretion, 
and the presence of fat actually inhibits acid secretion. 

Secretion of HCI during the gastric phase is also reg- 
ulated by a negative feedback mechanism. As the pH of gas- 
tric juice drops, so does the secretion of gastrin—at a pH 
of 2.5 gastrin secretion is reduced, and at a pH of 1.0 gas- 
trin secretion shuts off entirely. The secretion of HCl, 
which is largely under the control of gastrin, declines ac- 
cordingly. The presence of proteins and polypeptides in 
the stomach help to buffer the acid and thus to prevent a 
rapid fall in gastric pH; as a result, more acid can be se- 
creted when proteins are present than when they are ab- 
sent. The arrival of protein into the stomach thus 
stimulates acid secretion two ways—by the positive feed- 
back mechanism previously discussed and by inhibition of 
the negative feedback control of acid secretion. Thus, the 
amount of acid secreted is closely matched to the amount 
of protein ingested. As the stomach is emptied, the pro- 
tein buffers exit, the pH falls, and the secretion of gastrin 
and HCl is accordingly inhibited. 


Digestive System 


Intestinal Phase = The intestinal phase of gastric regula- 
tion refers to the inhibition of gastric activity when chyme 
enters the small intestine. Investigators in 1886 demon- 
strated that the addition of olive oil to a meal inhibits gas- 
tric emptying, and in 1929 it was shown that the presence of 
fat inhibits gastric juice secretion. This inhibitory intesti- 
nal phaye of gastric regulation is due to both a neural reflex 
originating from the duodenum and to a chemical hormone 
secreted by the duodenum. 

The arrival of chyme into the duodenum increases 
its osmolality. This stimulus, together with stretch of the 
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The stimulation of gastric acid (HC]) secretion by the presence of 
proteins in the stomach lumen and by the hormone gastrin. The 
secretion of gastrin is inhibited by gastric acidity. This forms a 
negative feedback loop. 


duodenum and possibly other stimuli, produces a neural 
reflex that results in the inhibition of gastric motility and 
secretion. The presence of fat in the chyme also stimulates 
the duodenum to secrete a hormone that inhibits gastric 
function. The general term for such an inhibitory hormone 
is an enterogastrone. 

For the past several years, gastric inhibitory peptide 
(GIP) was thought to function as an enterogastrone—hence 
the name for this hormone. Some researchers, however, 
now believe that a different polypeptide, known as somato- 
statin, may function in this capacity. Somatostatin is pro- 
duced by the small intestine (as well as by the brain—see 
chapter 14), where it appears to serve a number of regulatory 
roles. In addition, the hormone cholecystokinin (CCK), 
which ts secreted by the duodenum in response to the pres- 
ence of chyme, has been found to inhibit gastric emptying. 
It could be that the only phystological role of GIP ts stim- 
ulation of insulin secretion from the pancreatic islets in re- 
sponse to the Presence of glucose in the intestine. Some 
scientists therefore propose that the name GIP be retained, 
hut that it serve as an acronym for glucose-dependent in- 
sulinotropic peptide. 

The inhibitory neural and endocrine mechanisms dur- 
ing the intestinal phase of gastric regulation prevent the fur- 
ther passage of chyme from the stomach to the duodenum. 
This gives the duodenum time to process the load of chyme 
recerved previously. Since secretion of the enterogastrone 
is stimulated by fatin the chyme, a breaktast of bacon and 
cvs takes longer to pass through the stomach—and makes 
one feel “tuller” fora longer time—than does a breaktast of 


pancakes and syrup. 
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| Table 26.1] - Phases in the regulation | 
ues _of gastric secretion ay 


Description 


1. Sight, smell, and taste of food c 
stimulation of vagal nuclei in brain 
2. Vagus nerves stimulate acid secretio! 
a. Direct stimulation of parietal cells 
(major effect) 
b. Stimulation of gastrin secretion; gas 
stimulates acid secretion (lesser 


. Distension of stomach stimulates | 
nerves; vagus nerves stimulate acid 
secretion ¥ 

2. Amino acids and peptides in stomact 

stimulate acid secretion r 
a. Direct stimulation of parietal cells 
(lesser effect) a 
b. Stimulation of gastrin secretion; ga 

stimulates acid secretion (major eff 

3. Gastrin secretion inhibited when pH c 

gastric juice falls below2.5 


Neural inhibition of gastric emptying 
acid secretion 
a. Arrival of chyme in duodenum 

distension, increase in osmotit 
b. These stimuli activate a neur 
that inhibits gastric act 


respon Se 


ar 


nalphase 1. 
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The three phases in the extrinsic control of gastric 
function are summarized in table 26.11. 


Regulation of Intestinal Function 


The submucosal and myenteric plexuses within the wall 
of the small and large intestine contain preganglionic 
parasympathetic axons; the ganglion cell bodies of postgan- 
ghonic parasympathetic neurons; postganghonic sympathetic 
axons; and sensory neurons. These plexuses also contain as- 
sociation neurons, as does the CNS. Indeed, some scientists 
refer to the nervous system within the GI tract as an enteric 
brain. Many of the sensory neurons within the intestinal 
plexuses send impulses all the way to the CNS, but some 
sensory Neurons synapse with the association neurons in the 
wall of the small and large intestine. This allows for local 
reflexes that are controlled within the GI tract. 


There are several intestinal reflexes controlled both 


locally and extrinsically. These include (1) the gastroilial 
reflex, in which increased BASUTIC ACTIVITY Causes increased 
motility of the ileum and increased movement of chyme 
through the ileoceeal sphincter; (2) the ileogastric reflex, in 
which distension of the ileum causes a decrease in gastric 
motility; and (3) the intestino-intestinal reflexes, in which 
overdistention of one intestinal segment causes relaxation 
throughout the rest of the intestine. 


Regulation of Pancreatic Juice and Bile Secretion 


The secretion of pancreatic juice and bile is stimulated by 
both neural reflexes initiated in the duodenum and by se- 


cretion of the duodenal hormones cholecystokinin (CCk) 
and secretin. 


Pancreatic Juice = The secretion of pancreatic juice is stim- 
ulated by both secretin and CCK. These two hormones, 
however, are secreted in response to different stimuli and 
they have different effects on the composition of pancreatic 
juice. The secretion of secretin occurs in response to a fall in 
duodenal pH to below 4.5; this fall in pH occurs for only a 
short time, however, because the acidic chyme is rapidly 
neutralized by alkaline pancreatic juice. The secretion of 
CCK occurs in response to the fat content of chyme in the 
duodenum. 

Secretin stimulates the production of bicarbonate by 
the pancreas. Since bicarbonate neutralizes the acidic 
chyme and since secretin is secreted in response to the low 
pH of chyme, this completes a negative feedback loop in 
which the effects of secretin inhibit its secretion. Chole- 
cystokinin, by contrast, stimulates the production of pan- 
creatic enzymes, such as trypsin, lipase, and amylase. 
Secretin and CCK can have different effects on the same 
cells (the pancreatic acinar cells) because their actions 
are mediated by different intracellular compounds that 
act as second messengers. The second messenger of secretin 
action is cyclic AMP, whereas the second messenger for 
CCK is Ca**. 
Secretion of Bile The liver secretes bile continuously, but 
this secretion is greatly augmented following a meal. The 
increased bile secretion ts due to the release of secretin and 
CCK trom the duodenum. Secretin ts the major stimulator of 
bile secretion by the liver, and CCK enhances this effect. 
The arrival of chyme in the duodenum also causes the gall- 
bladder to contract and eyect bile. Contraction of the gall- 
bladder occurs in response to neural reflexes from the 
duodenum and in response to stimulation by CCK, but not 
IN Fesponse to secretin. 


Clinical Considerations 


Pathogens and Poisons 


The GI tract presents a suitable environment for an array of 
microorganisms. Many of these are beneficial, but some bac- 
teria and protozoa can cause diseases. The following dis- 
cussion includes only a few examples of the pathogenic 
microorganisms. 

Dysentery (dis ‘en-ter“e) is an inflammation of the in- 
testinal mucosa characterized by the discharge of loose stools 
that contain mucus, pus, and blood. The most common 
dysentery ts amoebic dysentery, which is caused by the pro- 
tozoan Entamoeba histolytica. Cysts from this organism are 
ingested in contaminated food, and after the protective coat 
has been removed by HCI in the stomach, the vegetative 
form invades the mucosal walls of the ileum and colon. 

Food poisoning ts a condition that results from in- 
gesting food infected by poisons or by bacteria containing 
toxins. Salmonella is a bacterium that commonly contami- 
nates food. Botulism is the most serious type of food poi- 
soning and is caused by ingesting food contaminated with 
the toxin produced by the bacterium Clostridium botulinum. 
This organism ts widely distributed in nature, and the spores 
it produces are frequently found on food being processed by 
canning. For this reason food must be heated to 120° C 
(248° F) before itis canned. It is the toxins produced by the 
bacteria growing in the food that are pathogenic, rather than 
the organisms themselves. The potson is a neurotoxin that is 


readily absorbed into the blood, at which point it can affect 
the nervous system. 


Disorders of the liver 


The liver is a remarkable organ that has the ability to re- 
generate itself even if up to 80% has been removed. The 
most serious diseases of the liver (hepatitis, cirrhosis, and 
hepatomas) affect the liver throughout, so that it cannot 
repair itself. Hepatitis 1s inflammation of the live 


r. Certain 
chemicals may cause hepatitis, but generally 


It ts Caused 
by infectious viral agents. Hepatitis A (infectious hepati- 
tis) isa viral disease transmitted through contaminated 
foods and liquids. Hepatitis B (serum hepatitis) is also 
caused by a virus and is transmitted in blood plasma dur- 
Ing transfusions or by improperly sterilized needles 
ringes. Other types of viral hepatitis 
hepatins C, D, and E. 


and sy- 
are designated as 


dysentery: Gk. dys, bad, entera. intestine 
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The entire digestive 

system develops from 
modifications of an elongated tubular 
structure called the primitive gut. These 
modifications are initrated during the 
fourth week of embryonic development. 
The primitive gut is composed solely of 
endoderm, and for descriptive purposes, 
can be divided into three regions: the 
foregut, midgut, and hindgut. 

The stomodeum (sto “mo-de um), or 
oral pit, is not part of the foregut but an 
invagination of ectoderm that breaks 
through a thin oral membrane to 
become continuous with the foregut and 
form the oral cavily, or mouth. Structures 
in the mouth, therefore, are ectodermal 
in origin. The esophagus, stomach, a 
portion of the duodenum, the pancreas, 
liver, and gallbladder are the organs that 
develop from the foregut (fig. 1). Along 
the Gl tract, only the inside epithelial 
lining of the lumen is derived trom 
endoderm. The vascular portion and 
smooth muscle layers are formed trom 
mesoderm that develops from the 


Develo amen of the Digestive System — 


Laer ieee j 


DEM 


surrounding mesenchyme. The stomach 
lirst appears as an elongated dilation of 
the foregul. The caudal portion of the 
foregut and the cranial portion of the 
midgut form the duodenum. The liver 
and pancreas arise as small hepatic and 
pancreatic buds, respectively, irom the 
wall of the duodenum (fig. 1). The 
hepatic bud experiences incredible 
growth to form the gallbladder, 
assaciated ducts, and the various lobes 
of the liver. By the sixth week, the liver 
is carrying, oul hemopoiesis (the 
formation of blood cells), and by the 
ninth week it has developed to the point 
where it represents 10% of the total 
weight of the fetus. 

By the fifth week of embryonic 
development, the midgut has formed a 
ventral U-shaped loop that projects into 
the umbilical cord. As development 
continues, the anterior limb of the 
midgut loop coils to torm most of the 
small intestine. The posterior limb of the 


midgut loop expands to form a portion of 


the small and large intestines. 


The hindgut extends from the midgut 
to the cloacal membrane. This 
membrane is formed in part by the 
proctodeum (prok “t0-de um), or anal 
pit, which is a depression in the anal 
region produced by an invagination of 
surface ectoderm. A partition develops 
to divide the cloacal membrane into an 
anterior urogenital membrane and a 
posterior anal membrane. Toward the 
end of the seventh week, the anal 
membrane perforates and forms the anal 
opening, which is lined with ectodermal 
cells. 


stomodeum: Gk. stoma, mouth; hodaios, on the 
way to 
cloaca: L. cloaca, sewer 
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Chapter Twenty-Six 


Jaundice is a yellow staining of the tissue produced 
by high blood concentrations of either free or conjugated 
bilirubin. Since free bilirubin is derived from hemoglobin, 
abnormally high concentrations of heme pigment may re- 
sult from an unusually high rate of red blood cell destruc- 
tion. This can occur, for example, as a result of Rh disease 
(erythroblastosis fetalis) in. an Rh positive baby born to a sen- 
sitized Rh negative mother. Jaundice may also occur in oth- 
erwise healthy infants because red blood cells are normally 
destroyed at about the time of birth (hemoglobin concen- 
trations decrease from 19 g per 100 ml to 14 g per 100 ml 
near the ume of birth). This condition is called physiological 
jaundice of the newborn and is not indicative of disease. Pre- 
mature infants may also develop jaundice because the he- 
patic enzymes that conjugate bilirubin (a reaction needed 
for the excretion of bilirubin in the bile) mature late in ges- 
tation. Jaundice due to high levels of conjugated bilirubin in 
the blood is commonly produced in adults when the excre- 
tion of bile is blocked by gallstones. 

Newborn infants with jaundice are usually treated by 
phototherapy, in which they are placed under blue light in 
the wavelength range of 400 to 500 nm. This light is ab- 
sorbed by bilirubin in cutaneous vessels and results in the 
conversion of bilirubin toa more water-soluble isomer that 
is soluble in plasma without having to be conjugated with 


glucuronic acid. The more water-soluble photoisomer of 
bilirubin can then be excreted in the bile. 


Intestinal Disorders 


Enteritis is inflammation of the mucosa of the small intes- 
tine and is frequently referred to as intestinal flu. Causes of 
enteritis include bacterial or viral infections, irritating foods 
or fluids (including alcohol), and emotional stress. The 
symptoms are abdominal pain, nausea, and diarrhea. Diar- 
thea is the passage of watery, unformed stools. This condition 
is symptomatic of inflammation, stress, and other body 
dysfunctions. 

A hernia is a protrusion of a portion of a visceral organ, 
usually the small intestine, through a weakened portion of 
the abdominal wall. Inguinal, femoral, umbilical, and hiatal 
hernias are the most common. With a hiatal hernia, a por- 
tion of the stomach pushes superiorly through the esophageal 
hiatus in the diaphragm and into the thorax. The potential 
dangers of a hernia are strangulation of the blood supply fol- 
lowed by gangrene, blockage of chyme, or rupture—each of 
which can threaten life. 

Diverticulosis is a condition in which the intestinal 
wall weakens and an outpouching occurs. Diverticulitis, or 
inflammation of a diverticulum, can develop if fecal mate- 
rial becomes impacted in these pockets. 
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Other Important Clinical Terminology 


chilitis Inflammation of the lips. halitosis 
| Infl ft d result from dental caries, Certain diseases, or 
colitis ammation of the colon an : 
aie aad the ingestion of particular foods. 
rectum. . 
; ; heartburn) A burning sensation of the 
colostomy = The formation of an abdominal 


exit from the Gl tract by bringing a loop of 
the colon toa the surface of the abdomen. If 
the rectum ts removed because of cancer, the 


colostomy provides a permanent outlet for hemorrhoids 


Offensive breath odor. It may 


esophagus and stomach. It may result from 
the regurgitation of gastric puice into the 
lower portion of the esophagus. 


Varicose veins of the rectum 


pyorrhea The discharge of pus at the base 
of the teeth at the gum line. 


regurgitation ~The forceful expulsion of 
gastric contents into the mouth. Nausea and 
vomiting are Common symptoms of almost 
any dysfunction of the digestive system. 


trench mouth — A contagious bacterial 
infection that causes inflammation, 


the feces. 


cystic fibrosis | An inherited disease of the 
exocrine glands, parnicularly the pancreas. 
Pancreatic secretions that are too thick to 
drain easily Cause inflammation of the ducts 
and Promote connechive tissue formanion that 


oecludes drainage from the ducts stall further 


gingivitis Inflammation of the gums. Ie may 
result from improper hygiene, poorly fitted 
dentures, improper diet, or certain infections. 


and anus 


jejunoileal bypass A surgical procedure for 
creating a bypass of a considerable portion of 
the small intestine. It reduces the absorptive 
capacity of the smallintestine and ty thus 


used to control extreme obesity. 


nausea Gastric discomfort and sensations of 
illness with a tendency to vomit. This feeling 
Is SVM pPromanie of motion sickness and many 


diseases and may occur during pregnancy 


ulceration, and painful swelling of the floor of 
the mouth. Generally itas contracted through 
direet contact by kissing an infected person. 
Trench mouth can be treated with penicillin 
and other medications. 


The surgical removal of sections 
of both vagus nerves where they enter the 


vagotomy 


stomach tn order to climinate nerve impulses 
that stimulate gastric secretion. This 
procedure may be used to treat ulcers. 
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Chapter oummary 


Introduction to the Digestive System 
(pp. 765-769) 

1. The digestive system functions to break 
down food into its component monomers 
(digestion) and to move these monomers 
into the blood or lymph (absorption). 

2. The digestive system consists of a GI 
tract and accessory digestive organs. 

3. Peritoneal membranes line the abdominal 
wall and cover the visceral organs. The GI 
tract is supported by a double layer of 
peritoneum called the mesentery 

4. The layers (tunics) of the abdominal GI 
tract are, from the inside outward, the 
mucosa, submucosa, muscularis, and 
serosa. 


Mouth, Pharynx, and Associated 
Structures (pp. 770-775) 


1. The oral cavity is formed by the cheeks, 
lips, hard and soft palates. and tongue. 

2. The four most anterior pairs of teeth are 
the incisors and canines, which have one 
root each, the premolars (bicuspids) and 
molars have two or three roots. 

a. The tooth is anchored to its bony 
alveolar socket by a periodontal 
membrane. 

b. The hard tooth tissues include enamel, 
dentin, and cementum. The pulp of the 
tooth receives blood vessels through 
the apical foramen. 

3. The major pairs of salivary glands are the 
parotid, submandibular, and the 
sublingual glands. 

4. The muscular pharynx is a passageway 
connecting the oral and nasal cavities to 
the esophagus and trachea. 


Esophagus and Stomach (pp. 775-780) 


1. Peristaltic waves of contraction push food 
through the lower esophageal sphincter 
into the stomach. 

2. The stomach consists of a cardia, fundus, 
body, and pylorus; the pylorus terminates 
at the pyloric sphincter. 

a. The lining of the stomach is thrown 
into folds, or rugae, and the mucosa is 
formed into gastric pits and gastric 
glands 
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b. The parietal cells of the gastric glands 
secrete HCl, the chief cells secrete 
pepsinogen, 

c. Inthe acidic environment of gastric 
juice, pepsinogen is converted into the 
active protein-digesting enzyme called 
pepsin. 


Small Intestine (pp. 780-784) 


1. Regions of the small intestine include the 
duodenum, jejunum, and ileum. The 
common bile duct and pancreatic duct 
empty into the duodenum. 

2. Fingerlike extensions of mucosa, called 
villi, project into the intestinal lumen. 

a. Each villus is covered by a columnar 
epithelium and contains a connective 
tissue core of lamina propria. 

b. The apical surface (facing the 
intestinal lumen) of each columnar cell 
is folded to form microvilli; this brush 
border of the mucosa increases the 
absorptive surface area 

3. Digestive enzymes, called brush border 
enzymes, are located in the membranes 
of the microvilli. 

a. Brush border enzymes include 
dipeptidases and disaccharidases, 
among others. 

b. A deficiency of the disaccharidase 
known as lactase is responsible for 
lactose intolerance in many people. 


Large Intestine (pp. 784-787) 


1. The large intestine is divided into the 
cecum, colon, rectum, and anal canal. 
a. The appendix is attached to the 
inferior medial margin of the cecum. 
b. The colon consists of ascending, 
transverse, descending, and sigmoid 
portions. 
2. The large intestine absorbs water and 
electrolytes. 


Liver, Gallbladder, and Pancreas 
(pp. 788-796) 


1. The liver, the largest internal organ, is 
composed of functional units called 
lobules. 

a. Liver lobules consist of plates of 
hepatic cells separated by capillary 
sinusoids. 
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b. Blood flows from the periphery of 
each lobule, where the hepatic artery 
and hepatic portal vein empty through 
the sinusoids and out the central vein 

c. Bile flows within the hepatocyte plates, 
in canaliculi, to the bile ducts. 

d. The liver detoxifies the blood and 
modifies the blood plasma 
concentration of glucose, 
triglycerides, ketone bodies, and 
proteins 

2. The gallbladder stores and concentrates 
the bile; it releases bile through the cystic 
duct and common bile duct to the 
duodenum. 

3. The pancreas performs both exocrine and 
endocrine functions. 

a. The pancreatic islets, which secrete 
the hormones insulin and glucagon, 
perform the endocrine function. 

b. The exocrine acini of the pancreas 
produce pancreatic juice, which 
contains various digestive enzymes 
and bicarbonate. 


Digestion and Absorption of 
Carbohydrates, Lipids, and Proteins 
(pp. 796-799) 


1. The digestion of starch begins in the 
mouth with the action of salivary amylase. 

a. Pancreatic amylase digests starch into 
disaccharides and short-chain 
oligosaccharides. 

b. Complete digestion into 
monosaccharides is accomplished by 
brush border enzymes. 

2. Protein digestion begins in the stomach 
with the action of pepsin 

a. Pancreatic juice contains protein- 
digesting enzymes, including trypsin, 
chymotrypsin, and others. 

b. The brush border contains digestive 
enzymes that help to complete the 
digestion of proteins into amino acids. 

c. Amino acids, like monosaccharides, 
are absorbed and secreted into 
Capillary blood entering the hepatic 
portal vein 


Digestive System 


Interactions of the Digestive System 
with Other Body Systems : 


Integumentary System 

© Synthesizes vitamin D, which indirectly helps to 
regulate intestinal absorption of Ca** 

© Stores triglycerides in adipose cells of 
hypodermis 

© Provides nutrients required for health of 
integumentary system 


Skeletal System 

© Supports and protects certain digestive organs 

e Stores calcium phosphate 

e Absorbs Ca** and PO,~ for formation and 
maintenance of bone tissue 


Muscular System 

® Activity assists chewing and swallowing; also 
peristalsis and segmention 

© Provides nutrients required for function and 
maintenance of muscles 


Nervous System 

© Autonomic innervation provides neural regulation 
of digestive system 

© Provides nutrients required for function and 
maintenance of nervous system 


Endocrine System 

© Hormones secreted by stomach and small 
intestine help to regulate digestive functions 

© Provides nutrients required by endocrine system 

© Liver removes and metabolizes hormones 


Lymphatic System 
© Protects against infections 


¢ Takes tissue fluid containing absorbed fat from 
small inte and conveys it to venous system 

© Provides nutrients required for function and 
maintenance of lymphatic system 


Respiratory System 

¢ Provides oxygen for metabolism of digestive 
system and provides for elimination of carbon 
dioxide 

e Provides nutrients required for function and 
maintenance of respiratory system 


Circulatory System 

¢ Transports absorbed amino acids, 
monosaccharides, and other molecules from 
intestine to liver and then to other organs 

e Provides nutrients required for function and 
maintenance of circulatory system 

¢ Absorbs iron for blood 


Urinary System 

© Eliminates metabolic wastes 

© Converts vitamin D to the active form required for 
calcium absorption 

© Provides nutrients required for function and 
maintenance of urinary system 


Reproductive System 

¢ Influences metabolic rates through effects of 
steroids 

© Provides nutrients required for function and 
maintenance of reproductive system 

¢ During pregnancy, provides nutrients for 
development of embryo and fetus 
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Lipids are digested in the small intestine 

after being emulsified by bile salts 

a. After digestion of triglycerides, free 
fatty acids and monoglycerides are 
absorbed into the epithelial cells of the 
small intestine. 

b. Once inside the mucosal epithelial 
Cells, these subunits are used to 
resynthesize triglycerides 

C. Triglycerides in the epithelial cells of 
the small intestine, together with 
proteins, form chylomicrons: these 


tiny particles are secreted into the 
lacteals of the villi. 


Neural and Endocrine Regulation of the 
Digestive System (pp. 799-803) 


1, 


The regulation of gastric function occurs 
in three phases 


a. In the cephalic phase, the activity of 


higher brain centers, acting via the 
vagus nerves, stimulates gastric 
secretion. 


2. 


b. Inthe gastric phase, the secretion of 
HCl and pepsin is controlled by the 
gastric contents and by the hormone 
gastrin, secreted by the gastric 
mucosa 

c. Inthe intestinal phase, the activity of 
the stomach ts inhibited by neural and 
endocrine reflexes from the 
duodenum 

The secretion of the hormones secretin 

and cholecystokinin (CCK) regulate 

pancreatic juice and bile secretion 
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Review Activities 


Objective Questions 


ul 
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Which of the following types of teeth are 
found in the permanent but not in the 
deciduous dentition? 

a. incisor teeth 

b. canine teeth 

c. premolar teeth 

d. molar teeth 


. The double layer of peritoneum that 


supports the GI tract is called 
a. the visceral peritoneum 

b. the dorsal mesentery 

c. the greater omentum. 

d. the lesser omentum. 


. Which of the following tissue layers in the 


small intestine contains lacteals? 
a. submucosa 

b. muscularis mucosa 

c. lamina propria 

d muscularis externa 


. Which of the following statements about 


gastric secretion of HCl is false? 

a. HCl is secreted by parietal cells. 

b. HCl hydrolyzes peptide bonds. 

c. HClis needed for the conversion of 
pepsinogen to pepsin. 

d. HClis needed for maximum activity of 
pepsin 

Intrinsic factor 

a. is secreted by the stomach. 

b. is a polypeptide 

c. promotes absorption of vitamin By2 in 
the small intestine 

d. helps prevent pernicious anemia. 

e. all of the above apply 


10 


Intestinal enzymes such as lactase are 

a. secreted by the small intestine into the 
chyme. 

b. produced by the intestinal crypts. 

C. produced by the pancreas. 

d. attached to the cell membrane of 
microvilli in the epithelial cells of the 
mucosa. 

Most digestion occurs in 

a. the mouth 

b. the stomach. 

c. the small intestine. 

d. the large intestine. 


. Which of the following statements about 


trypsin is true? 

a. Trypsin is derived from trypsinogen by 
the digestive action of pepsin. 

b. Active trypsin is secreted into the 
pancreatic acini. 

Cc. Trypsin is produced in the intestinal 
crypts. 

d. Trypsinogen is converted to trypsin by 
the brush border enzyme 
enterokinase. 

During the gastric phase, the secretion of 

HCI and pepsinogen is stimulated by 

a. impulses sent from the brain via the 
vagus nerves to the stomach. 

b. polypeptides in the gastric lumen and 
by gastrin secretion. 

c. secretin and cholecystokinin from the 
duodenum 

d. allof the above. 

The secretion of HCI by the stomach 

mucosa !s inhibited by 

a. neural reflexes from the duodenum. 

b. the secretion of gastric inhibitory 

peptide from the duodenum 

the lowering of gastric pH. 

d_ all of the above 


© 


11. 


12. 


Which of the following organs is the first 

to receive the blood-borne products of 

digestion? 

a. liver 

b. pancreas 

c. heart 

d. brain 

Which of the following statements about 

hepatic portal blood is true? 

a. It contains absorbed fat. 

b. It contains ingested proteins. 

c. Itis mixed with bile in the liver. 

d. Itis mixed with blood from the hepatic 
artery in the liver. 


Essay Questions 


1. 


Explain how the liver and pancreas are 
related embryologically and anatomically 
to the intestine. 

Explain how the gastric secretion of HCI 
and pepsin is regulated during the 
cephalic, gastric, and intestinal phases. 
Describe how pancreatic enzymes 
become activated in the lumen of the 
small intestine and explain the need for 
these mechanisms 


. Explain the functions of bicarbonate in 


Pancreatic juice and how peptic ulcers in 
the duodenum may be produced 
Describe the mechanisms that are 
believed to protect the gastric mucosa 
from self-digestion. and some proposed 
reasons for the development of a peptic 
ulcer in the stomach 


. Explain why the pancreas 1s considered to 


be an exocrine and an endocrine gland. 
Given this information, predict what 
effects tying of the pancreatic duct would 
have on pancreatic structure and 
function 


Digestive System 


7. Explain how jaundice is produced when 8. Describe the steps involved in the 


(a) the person has gallstones, (b) the digestion and absorption of fat 

person has a high rate of red blood cell 9 Distinguish between chylomicrons, very 
destruction, and (c) the person has liver low density lipoproteins, low-density 
disease. In which of these cases would lipoproteins, and high-density 
phototherapy for the jaundice be lipoproteins, 


effective? Explain. 


Chapter Twenty-Six 
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State the factors that influence the metabolic rate and 
describe how the basal metabolic rate can be 
measured. 


Describe the nature of the essential amino acids and 
essential fatty acids and discuss the caloric needs of 
the body. 


Describe the interrelationship between glucose and 
glycogen. 


Explain how fat is used as an energy source and how 
glucose can be converted into fat. 


Explain how protein can be used as an energy source 
and define the terms transamination and oxidative 
deamination. 


Describe the processes involved in the regulation of 
eating. 


List the hormones that promote anabolism and those 
that promote catabolism. 


Explain how the secretion of insulin and glucagon is 
regulated and how plasma concentrations of these 
hormones change during absorption and fasting. 


Describe the effects of insulin and glucagon on the 


metabolism of glycogen, fat, and protein and explain 
the significance of these effects. 


Discuss the metabolic effects of epinephrine and the 
glucocorticoids. 


Discuss the effects of thyroxine and explain how these 
effects are produced. 


Describe the metabolic eftects of growth hormone and 
the role of somatomedins in producing these effects. 
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Chapter Twenty-Seven 


flutritional Requirements 


The body's energy requirements must be met by the caloric value of 
food to prevent catabolism of the body's own fat, carbohydrates, and 
protem, Additionally, food molecules—particularly the essential ammo 
acids and fatty acids—are needed to replace molecules m the body that 
are conunuously degraded. Vitamins and elements do not directly 
provide energy but instead are required for diverse enzymatic reactions. 


Living tissue is maintained by the constant expenditure of 
energy. This energy is obtained directly from ATP and in- 
directly from the cell respiration of glucose, fatty acids, ke- 
tone bodies, amino acids, and other organic molecules. 
These molecules are ultimately obtained from food, but they 
can also be obtained from the glycogen, fat, and protein 
stored in the body. 

The energy value of food is commonly measured in 
kilocalories (also called “big calories” and spelled with a cap- 
ital letter [C]). One kilocalorie is equal to 1000 calories; one 
calorie is defined as the amount of heat required to raise the 
temperature of 1 gram of water by 1° C (from 14.5° to 15.5° 
C). As described in chapter 5, the amount of energy released 
as heat when a quantity of food is combusted in vitro is equal 
to the amount of energy released within cells through the 
process of aerobic respiration. This is 4 calories per gram for 
carbohydrate or protein and 9 calories per gram for fat. 
When this energy is released by cell respiration, some ts 
transferred to the high-energy bonds of ATP and some is 
lost as heat. 


Metabolic Rate and Caloric Requirements 


The total rate of body metabolism, or the metabolic rate, 
can be measured by either the amount of heat generated by 
the body or by the amount of oxygen consumed by the body 
per minute. This rate is influenced by a variety of factors. 
For example, metabolic rate is increased by physical activity 
and by eating. The increased rate of metabolism that ac- 
companies the assimilation of food can last more than 6 
hours after a meal. 

Temperature is also an important factor in determin- 
ing metabolic rate. The reasons for this are twofold: 
(1) temperature itself is a determinant of the rate of chem- 
ical reactions and (2) the hypothalamus contains tempera- 
ture control centers, as well as temperature-sensitive cells 
that act as sensors for changes in body temperature. In re- 
sponse to deviations from a set point for body temperature 
(chapter 1), the control areas of the hypothalamus can di- 
rect physiological responses that help to correct the devia- 
tions and maintain a constant body temperature. Changes 
in body temperature are thus accompanied by physiologi- 
cal responses that influence the total metabolic rate. 


@ 
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temperature is often lowered to between 21" and 24° C 

(a condition of hypothermia). Compensatory 

responses are dampened by the general anesthetic, 
and the low body temperature drastically reduces the needs of 
the tissues for oxygen. Under these conditions, the circulation 
can be stopped and bleeding is significantly reduced. 


\ During open heart or brain surgery, the core body 


The metabolic rate of an awake, relaxed person 12 to 14 
hours after eating and at a comfortable temperature is known 
as the basal metabolic rate (BMR). The BMR is determined 
primarily by a person's age, gender, and overall body surface 
area, but it is also strongly influenced by the level of thyroid se- 
cretion. A person with hyperthyroidism has an abnormally 
high BMR, and a person with hypothyroidism has a low BMR. 
An interesting finding is that the BMR may be influenced by 
genetic inheritance, and that at least some families that are 
prone to obesity may have a genetically determined low BMR. 

Differences in energy requirements among most peo- 
ple, however, are due primarily to differences in physical ac- 
tivity. Daily energy expenditures may range from about 1300 
to 5000 kilocalories per day. For people not engaged in heavy 
manual labor but who are active during their leisure time, 
average values are about 2900 kilocalories per day for men 
and 2100 kilocalories per day for women. People engaged in 
office work, the professions, sales, and comparable occupa- 
tions consume up to 5 kilocalories per minute during work. 
More physically demanding occupations may require energy 
expenditures of 7.5 to 10 kilocalories per minute. 

When the caloric intake is greater than the energy 
expenditures, excess calories are stored primarily as fat. This is 
true regardless of the source of the calories—carbohydrates, 
proteins, or fats—because these molecules can be converted to 
fat by various metabolic pathways (to be described). Desirable 
body weights at ages 25 through 59 are indicated in table 27.1. 

Weight is lost when the caloric value of the food ingested 
is less than the amount required in cell respiration over a pe- 
riod of time. Weight loss, therefore, can be achieved by dieting 
alone or by dieting combined with an exercise program to raise 
the metabolic rate. The caloric expenditure associated with 
different forms of exercise is summarized in table 27.2. 


Obesity is a risk factor for cardiovascular diseases, 

diabetes mellitus, gallbladder disease, and some 

malignancies (particularly endometrial and breast 

cancer). The distribution of fat in the body is also 
important, there 1s a greater risk of cardiovascular disease 
when fat produces a high waist-to-hip ratio, or an “apple 
shape,” as compared to a “pear shape.” Obesity in childhood 
is due to an increase in both the size (increased lipid content) 
and number of adipose cells: weight gain in adulthood is due 
mainly to an increase in adipose cell size, although the 
number of these cells may also increase in extreme weight 
gains. When weights lost, the size of the adipose cells 
decreases, but the number of adipose cells does not decrease. 
It is thus important to prevent further increases in weight in all 
overweight people but particularly soin children 


Table 27.1 Desirable body weights 


Height 


Feet Inches 
ee eee 


Men 5 2 
5 3 
5 4 
5 5 
5 6 
5 v4 
5 8 
5 9 
5 10 
5 11 
6 0 
6 1 
6 2 
6 3 
6 4 


Small Medium Large 

frame frame frame 

128-134 131-141 138-150 
130-136 133-143 140-153 
132-138 135-145 142-156 
134-140 137-148 144-160 
136-142 139-151 146-164 
138-145 142-154 149-168 
140-148 145-157 152-172 
142-151 148-160 155-176 
144-154 151-163 158-180 
146-157 154-166 161-184 
149-160 157-170 164-188 
152-164 160-174 168-192 
155-168 164-178 172-197 
158-172 167-182 176-202 
162-176 171-187 181-207 


Weights at ages 25-59 based on lowest mortality. Weight in 


pounds according to frame (in 


shoes with 1” heels 
Women 4 10 

11 
0 
1 


< 
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indoor clothing weighing 5 lbs., 


118-131 
120-134 
122-137 
125-140 
128-143 
131-147 
134-151 
137-155 
140-159 
143-163 
146-167 
149-170 
152-173 
155-176 
158-179 


Weights at ages 25-59 based on lowest motality, Weight in 
pounds according to frame (in indoor clothing weighing 3 lbs, 


shoes with 1” heels) 
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Source: Data from 1979 Build Study. Society of Actuanes and 


Association of Life Insurance Medical Directors of America, 1980 


| Table tlt Energy consumed 


(in kilocalories per minute) 
by various activities 


Activity 


Bicycling 

10 mph 

Stationary, 10 mph 

Calisthenics 

Dancing 

Aerobic 

Square 

Gardening, weeding, 
and digging 

Jogging 

5.5 mph 

6.5 mph 

8.0 mph 

9.0 mph 

Rowing, machine 

Easily 

Vigorously 

Skiing 

Downhill 

Cross-country, 5 mph 

Cross-country, 9 mph 

Swimming, crawl 

20 yards per minute 

40 yards per minute 

55 yards per minute 

Walking 

2 mph 

3mph 

4mph 


Weight in pounds 


105-115 127-137 160-170 182-192 


5.41 
5.50 
3.91 


5.83 
5.50 


5.08 


8.58 
8.90 
10.40 
12.00 


3.91 
8.58 


7.75 
9.16 
13.08 


3.91 
7.83 
11.00 


2.40 
3.90 
450 


6.16 
6.25 
4.50 


6.58 
6.25 


575 


9.75 
10.20 
11.90 
13.80 


4.50 
9.75 


8.83 
10.41 
14.83 


4.50 
891 
12.50 


2.80 
450 
5.20 


7.33 
7.41 
7.33 


7.83 
7.41 


6.83 


11.50 
12.00 
14.10 
16.20 


5.25 
11.50 


10.41 
12.25 
17.58 


5.25 
10.50 
14.75 


3.30 
5.30 
610 


7.91 
8.16 
7.91 


8.58 
8.00 


7.50 


12.66 
13.20 
15.50 
17,80 


5.83 
12.66 


11,50 
13.33 
19.33 


5.83 
11.58 
16.25 


3.60 
5.80 
6.80 
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Reprinted with permission from Recommended Dietary Allowances, 10th Edition, © 1989 by the National Academy of Sciences. Published by 


National Academy Press, Washington, D.C. 


'Retinol equivalent (1 RE = 1 ug retinol or 6 pg B-carotene) 
2As cholecalciferol (10 pg cholecalciferol = 400 W of Vitamin D) 


Anabole Requirements 


In addition to providing the body with energy, food also sup- 
plies the raw materials for synthesis reactions—collectively 
termed anabolism—that occur constantly within the cells 
of the body. Anabolic reactions include those that synthesize 
DNA and RNA, protein, glycogen, triglycerides, and other 
polymers. These anabolic reactions, in which larger mole- 
cules are built from smaller ones, must occur constantly to re- 
place those molecules that are hydrolyzed into their 
component monomers. The hydrolysis reactions, together 
with the reactions of cell respiration that ultimately break 
down the monomers to carbon dioxide and water, are col- 
lectively termed catabolism. 

Acting through changes in hormonal secretion, exer- 
cise and fasting increase the catabolism of stored glycogen, 
fat, and body protein. These molecules are also broken down 
at a certain rate in a person who is neither exercising nor 
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3a-tocopherol equivalents (1 mg a-tocopherol = 1 a-TE) 


fasting. Some of the monomers formed (amino acids, glu- 
cose, and fatty acids) are used to immediately resynthesize 
body protein, glycogen, and fat. However, some of the glu- 
cose derived from stored glycogen, for example, or fatty acids 
derived from stored triglycerides, undergo cell respiration 
for energy. For this reason, new monomers must be obtained 
from food to prevent a continual decline in the amount of 
protein, glycogen, and fat in the body. 

The turnover rate of a particular molecule is the rate at 
which it is broken down and resynthesized. For example, the 
average daily turnover for carbohydrates is 250 g/day. Since 
some of the glucose in the body is reused to form glycogen 
the average daily dietary requirement for carbohydrate 1s tis 
than this amount—about 150 g/day. The average daily 
turnover for protein is 150 g/day, but since many of the amino 
acids derived from the catabolism of body proteins can be 
reused in protein synthesis, a person needs only about 35 g/day 
of protein in the diet. It should be noted that these are average 


Water-soluble vitamins 


Ribo- Niacin Vita- Fo- 
flavin’ (mgNE)* minBs late 
(mg) 


Vita- 


(mg) (ug) (ug) 


‘Niacin equivalent (1 NE = 1 mg of niacin or 60 mg of dietary tryptophan) 


figures and will vary in accordance with individual differences 
in size, gender, age, genetics, and physical activity. 

The minimal amounts of dietary protein and fat re- 
quired to meet the turnover rate are adequate only if they 
supply sufficient amounts of the essential amino acids and 
fatty acids. The essential amino acids (sce table 27.5) are 
those that must be obtained in the diet because they can- 
not be made by the body. The essential fatty acids are 
linoleic acid and linolenic acid. 


Vitamins and Minerals 


Vitamins are small organic molecules that serve as coen- 
zymes in metabolic reactions or that have other, specific 
functions. They must be obtained in the diet because the 
body eather doesn’t produce them, or it produces them in 
insufficrent quantities. (Vitamin 1) ts produced in small 


: and vitamin K 
quantities by the skin, and the B vitamins anc 


are produced by intestinal bacteria.) There are two classes of 
vitamins: fat-soluble and w ater-soluble. The fat-soluble 


RTE Py TS er rp ens 


Cal- Mag- 
min B)2 cium 
(mg) 


SEY IE OE VCP EPI A  aey 


nei As oc oR ese had 


+, atey 


Zinc _lodine 
nesium (mg) (ug) 


(mg) 


vitamins include vitamins A, D, E, and K. The water-soluble 
vitamins include thiamine (B,), riboflavin (B2), niacin (By), 
pyridoxine (Be), pantothenic acid, biotin, folie acid, vita- 
min By2, and vitamin C (ascorbic acid). Recommended daily 
allowances for these vitamins are shown in table 27.3. 


_ B-carotene is a provitamin, itis obtained tn the diet 
\ and converted within the body cells into vitamin A 
This conversion occurs when the [-carotene 

~ molecules bind free electrons. B-carotene thus serves 
as an “electron scavenger.” or an antioxidant In this role, at 
may help protect against atherosclerosis and cancer. Other 
antioxidants include the tocopherols (vitamin E) and ascorbic 
acid (vitamin C) 


Derivatives of the water-soluble vitamins serve as coen- 
zymes in the metabolism of carbohydrates, lipids, and pro- 
teins. Thiamine, tor example, ty needed tor the activity of the 
enzyme that converts pyruvic acid to acetyl coenzyme A. Rie 
botlavin and niacin are needed for the production of FAD 
and NAD, respectively. FAD and NAD serve ay coenzymes 
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Description/comments 


Constituent of visual pigment; 
strengthens epithelial membranes 


Cofactor for enzymes that catalyze 
decarboxylation 


Part of flavoproteins (such as FAD) 


Coenzyme for decarboxylase and 
transaminase enzymes 


Coenzyme for amino acid metabolism; 
needed for erythropoiesis 


b ; 
in : Needed for fatty acid synthesis 


anocobalamin) 


Needed for collagen synthesis in 
connective tissue 


Needed for intestinal absorption of 
calcium and phosphate 


Antioxidant 


Needed for reactions that transfer one 
carbon 


Promotes reactions needed for function 
of clotting factors 


> 
as D 
2art of NAD and NADF 

haf ec. 
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that transfer hydrogens during cell respiration (chapter 4). 
Pyridoxine is a cofactor for the enzymes involved in amino 
acid metabolism. A deficiency of the water-soluble vitamins 
can thus have widespread effects in the body (table 27.4). 

Many fat-soluble vitamins have highly specialized func- 
tions. Vitamin K, for example, is required for the produc- 
tion of prothrombin and for clotting factors VII, IX, and X. 
Vitamin D is converted into a hormone that participates in 
the regulation of calcium balance (chapter 8). The visual 
pigments in the rods and cones of the retina are derived from 
vitamin A. Vitamin A and related compounds, called 
retinoids, also have effects on genetic expression in epithelial 
cells; these compounds are now used clinically in the treat- 
ment of some skin conditions, and researchers are attempt- 
ing to derive related compounds that may aid the treatment 
of some cancers. 

Elements are needed as cofactors for specific enzymes 
and for a wide variety of other critical functions. Those that 
are required daily in relatively large amounts include sodium, 
potassium, magnesium, calcium, phosphorus, and chlorine 
(table 27.3). Trace elements are required in very small 


Deficiency symptoms 


Night blindness; dry skin 


Beriberi; neuritis 


Glossitis; cheilosis 
Convulsions 


Pernicious anemia 


Dermatitis; enteritis 
Scurvy 


Rickets; osteomalacia 


Muscular dystrophy 


Source 


Yellow vegetables and fruit 


- A J 
Liver, unrefined cereal grains | 


Liver, milk 
Liver, corn, wheat, and yeast 


. 


Liver, meat, eggs, milk 


Egg yolk, liver, tomatoes 


Citrus fruits, green leafy” 
vegetables 


Fish, liver 


Milk, eggs, meat, leafy ve 


Sprue: anemia Green leafy vegetables — 


Hemorrhage; inability to 
form clot 


Green leafy vegetables 


_-Pellagré Liver, meat, yeast 


amounts, ranging from 50 ug to 18 mg per day. These in- 
clude iron, zinc, manganese, fluorine, copper, molybdenum 
(mo-lib‘dé-num), chromium, selenium, and iodine. 


Carbohydrates, lipids, and proteins can be used for energy in cell 
respiration, or they can be mterconverted to some degree and stored as 
energy reserves. The blood concentrations of circulating energy 
substrates, such as glucose, increase followmg absorption of a meal. 


Metabolism of Carbohydrates 


The carbohydrates present in food are digested into their 
component monosaccharides (primarily glucose) and ab- 
sorbed through the mucosa of the small intestine into the 
blood. Many organs use this blood glucose as an important 
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energy source. The brain and heart obtain LP 


energy (ATP) from glucose via the reac- 
tions of aerobic cell respiration. Exercis- 


ing skeletal muscles can, in addition, 


version to lactic acid in the process of 
anaerobic cell respiration (chapter 4). 
More glucose may be absorbed following 
a meal, however, than is immediately 


| 
| 
| 
| 
| 
obtain energy from glucose via its con- 
| 
| 
| 
| 
| 
| 
needed tor energy. 


Glucose 
i ; (blood) 
It blood glucose is present in amounts | 
that exceed the body's immediate needs | 
for ATP synthesis, the liver, skeletal mus- | 
cles, and heart can store carbohydrates in | 
the form of glycogen. The formation of 
glycogen trom glucose is called glycogene- | 
sis. In this process, glucose is converted to 
glucose 6-phosphate by utilizing the ter- | 


minal phosphate group of ATP. Glucose 6- — 


phosphate is then converted into its 

isomer, glucose L-phosphate (chapter 4). Finally, the enzyme 
glycogen synthetase removes these phosphate groups as it poly- 
merizes glucose to form glycogen. 

The reverse reactions are similar. The enzyme glycogen 
phosphorylase catalyzes the breakdown of glycogen to glu- 
cose 1-phosphate. (The phosphates are derived from inor- 
ganic phosphate, not from ATP, so glycogen breakdown does 
not require metabolic energy.) Glucose |-phosphate is then 
converted to glucose 6-phosphate. The conversion of glyco- 
gen to glucose 6-phosphate is called glycogenolysis (gli “ke- 
jé-nol T-sts). In most tissues, glucose 6-phosphate can then 
he used by the cells for energy (through glycolysis), or for 
resynthesis of glycogen. Only the liver, however, can con- 
vert the glucose 6-phosphate into free glucose for secretion 
into the blood. This is true for the following reasons. 

Organic molecules with phosphate groups cannot cross 
cell membranes. This has important consequences; the 
glucose derived from glycogen is in the form of glucose 
I-phosphate and then glucose 6-phosphate, so it cannot leak 
out of the cell. Similarly, glucose that enters the cell from 
the blood is “trapped” within the cell by conversion to glu- 
cose 6-phosphate. Skeletal muscles, which have large 
amounts of glycogen, can generate glucose 6-phosphate for 
their own glycolytic needs but cannot secrete glucose into 
the blood because they lack the ability to remove the phos- 
phate group. 

Unlike skeletal muscles, the liver contains an enzyme— 
known as glucose 6-phosphatase—that can remove the ter- 
Minal phosphate group from the glucose molecule to produce 
free glucose (fig. 27.1). This free glucose can then be 


Qlycogenesis: Gk glyco, Sugar, genesis. production 
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FIGURE 27.1 


Blood glucose that enters tissue cells is rapidly converted to 
glucose 6-phosphate. This intermediate can be metabolized for 
energy tn glycolysis or can be converted to glycogen (1), a 
process called glycogenesis. Glycogen represents a storage form 
of carbohydrates, which can be used as a source for new glucose 
6-phosphate (2), in a process called glycogenolysis. The liver 
contains an enzyme that can remove the phosphate from glucose 


6-phosphate; liver glycogen thus serves as a source for new blood 
glucose. 


transported through the cell membrane into the blood. Liver 
glycogen can thus supply blood glucose for use by other or- 
gans, including exercising skeletal muscles that may have 
depleted much of their own stored vlycogen during exercise. 
Since skeletal muscles lack glucose 6-phosphatase, they can- 
not secrete glucose into the blood. 


Metabolism of lipids 


It is common experience that eating excessive amounts of 
carbohydrates increases fat production. It is also well known 
that foods rich in fat and oil have the highest caloric con- 
tent. The body obtains 9 kilocalories per gram from fat com- 
pared to only 4. kilocalories per gram from. either 
carbohydrates or proteins. Triglycerides (see chapter 2) pro- 
vide energy primarily through the conversion of fatty acids 
into acetyl CoA. Acetyl CoA molecules then enter into 
Krebs cycles and generate ATP through oxidative phosphor- 
ylation (fig. 27.2). 


Formation of Fat (Lipogenesis) When glucose is to be con- 
verted to fat—a process called lipogenesis (lip “d-jen &-sis)— 
glycolysis occurs and pyruvic acid is converted into acetyl 
CoA. Instead of entering Krebs cycles, the two-carbon acetic 
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Glycogen --~ 
ise = | ‘ 


Glucose-1-phosphate * 


lj 


age aan - Glucose-6-phosphate 


|| 


Fructose-6-phosphate 
4 


Glucose 


Fructose-1,6-diphosphate 


tT 


gis =e 3-Phosphoglyceraldehyde 


| | 


Pyruvic acid 


! 


Glycerol 


Fat er 


<< 


Fatty acids ~~ LLL > Acetyl CoA 
‘ 
7 i 
C, Ce. 

Oxaloacetic acid Citric acid 
FIGURE 27.2 4 ‘ 
The conversion of glucose into ‘ \ 
glycogen and fat due to the H Krebs cycle ! 
allosteric inhibition of ‘ / 
respiratory enzymes when the N, a 
cell has adequate amounts of SL see" 
ATP. Favored pathways are ~- C,“ 


indicated by blue arrows. a-Ketoglutaric acid 


acid subunits of the acetyl CoA molecules can be used to 
produce a variety of lipids, including steroids such as cho- 
lesterol, and also ketone bodies and fatty acids (fig. 27.3). 
Acetyl CoA is a branch point from which several metabolic 
pathways may progress. 

In the formation of fatty acids, a number of acetic acid 
(two-carbon) subunits are joined together to form the fatty 
acid chain. Six acetyl CoA molecules, for example, will pro- 
duce a fatty acid that is twelve carbons long. When three 
of these fatty acids condense with one glycerol (derived from 
phosphoglyceraldehyde, an intermediate of glycolysis), a 
triglyceride molecule ts formed. Lipogenesis occurs primar- 
ily in adipose tissue and in the liver, when the concentra- 
tion of blood glucose is elevated following a meal. 


Breakdown of Fat (Lipolysis) When fat stored in adipose 
tissue is to be used as an energy source, lipase enzymes hy- 
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FIGURE 27.3 


Divergent metabolic pathways for acetyl coenzyme A. 


drolyze triglycerides into glycerol and free fatty acids ina 
process called lipolysis (I1-pol ‘i-sis). These molecules (pri- 
marily the free fatty acids) serve as energy sources that can 
be used by the liver, skeletal muscles, and other organs for 
aerobic respiration. 

A few organs can utilize glycerol for energy by virtue of 
an enzyme that converts glycerol to phosphoglyceraldehyde. 
Free fatty acids, however, serve as the major energy source 
derived from triglycerides. Most fatty acids consist of a long 
hydrocarbon chain with a carboxylic acid group (COOH) 
at one end. In a process known as B-oxidation (B is the 
Greek letter beta), enzymes remove two-carbon acetic acid 
molecules from the acid end of a fatty acid. This results in 
the formation of acetyl CoA, as the third carbon from the 
end becomes oxidized to produce a new carboxylic acid 
group. The fatty acid chain is thus decreased in length by 
two carbons. The process of B-oxidation continues until the 
entire fatty acid molecule has been converted to acetyl CoA. 

A 16-carbon-long fatty acid, for example, yields eight 
acetyl CoA molecules. Each of these can enter a Krebs cycle 
and produce twelve ATP per turn of the cycle, so that eight 
times twelve, or ninety-six, ATP are produced. In addition, 
each time an acetyl CoA is formed and the end-carbon of 
the fatty acid chain is oxidized, one NADH and one FADH; 
are produced. Oxidative phosphorylation produces three 
ATP per NADH and two ATP per FADH). For a 16-carbon- 
long fatty acid, these five ATP molecules would be formed 
seven times (producing five times seven, or thirty-five, ATP). 
Not counting the single ATP used to start B-oxidation, this 
fatty acid could yield a grand total of 35 + 96, or 131, ATP 
molecules! Since one triglyceride molecule consists of three 
fatty acids and one glycerol, the aerobic respiration of one 
triglyceride molecule yields more than 400 ATP. 


Ketone Bodies Even when a person is not losing weight, 
there is a continuous turnover of triglycerides in adipose tis- 
sue. New triglycerides are produced, while others are hy- 
drolyzed into glycerol and fatty acids. This turnover ensures 
that the blood will normally contain a sufficient level of 
fatty acids for aerobic respiration by skeletal muscles, the 
liver, and other organs. When the rate of lipolysis exceeds 
the rate of fatty acid urilization—as it may do in starvation, 
dieting, and in diabetes mellitus—the blood concentrations 
of fatty acids increase. 

If the liver cells contain sufficient amounts of ATP so 
that further production of ATP is not needed, some of the 
acetyl CoA derived from fatty acids is channeled into an al- 
ternate pathway. This pathway involves the conversion of 
two molecules of acetyl CoA into four-carbon-long acidic 
derivatives, acetoacetic acid and B-hydroxybutyric acid. 
Together with acetone, which is a three-carbon-long deriv- 


ative of acetoacetic acid, these products are known as ke- 
tone bodies. 


= Ketone bodies, which can be used for energy by 

many organs, are found in the blood under normal 

conditions. Under conditions of fasting or in the case 

of diabetes mellitus. however, the increased 
liberation of free fatty acids from adipose tissue results in an 
elevated production of ketone bodies by the liver. The 
secretion of abnormally high amounts of ketone bodies into 
the blood produces ketosis, which is one of the signs of fasting 
oran uncontrolled diabetic state. A person in this condition 
may have a fruity odor on the breath as acetone vaporizes 
from the lungs. 


Metabolism of Proteins 


Nitrogen is ingested primarily as proteins, enters the body as 
amino acids, and is excreted mainly as urea in the urine. In 
childhood, the amount of nitrogen excreted may be less than 
the amount ingested because amino acids are incorporated 
into proteins during growth. Growing children are in a state 
of positive nitrogen balance. By contrast, people who are starv- 
ing or suffering from prolonged wasting diseases are in a state 
of negative nitrogen balance; they excrete more nitrogen than 
they ingest because they are breaking down their tissue pro- 
teins. 

Healthy adults maintain a state of nitrogen balance in 
which the amount of nitrogen excreted is equal to the 
amount ingested. This does not imply that the amino acids 
ingested are unnecessary; on the contrary, they are needed to 
replace the protein that ty “turned over” each day. When 
more amino acids are ingested than are needed to replace 
Proteins, the excess amino acids are not stored as additional 
Protein (one cannot build muscles simply by eating large 
amounts of protein). Rather, the amine groups can be re- 
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moved, and the “carbon skeletons” of the organic acids that 
are left can be used for energy or converted to carbohydrate 
and fat. 


Transamination An adequate amount of all 20 amino acids 
is required to build proteins for growth and to replace the 
proteins that are turned over. Fortunately, only 8 (in adults) 
or 9 (in children) amino acids cannot be produced by the 
body and so must be obtained in the diet; these are the es- 
sential amino acids (table 27.5). The remaining amino acids 
are nonessential only in the sense that the body can pro- 
duce them if provided with the essential amino acids and 
with carbohydrates in sufficient amounts. 

Pyruvic acid and the Krebs cycle acids are collectively 
termed keto acids because they have a ketone group; these 
should not be confused with the ketone bodies (derived from 
acetyl CoA) discussed in the previous section. Keto acids 
can be converted to amino acids by the addition of an amine 
(NH)) group. This amine group ts usually obtained by can- 
nibalizing another amino acid. A new amino acid is formed 
as the one that was cannibalized is converted to a new keto 
acid. This type of reaction, in which the amine group is 
transferred from one amino acid to form another, is called 
transamination (fig. 27.4). 

Each transamination reaction is catalyzed by a specific 
enzyme (a transaminase) that requires vitamin Bg (pyridox- 
ine) as a coenzyme. The amine group from glutamic acid, 
for example, may be transferred to either pyruvic acid or ox- 
aloacetic acid. The former reaction ts catalyzed by the 
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FIGURE 27.4 iin cial Ne NF ON 7° 
The formation of the H c r i 
amino acids aspartic ee =0 =0 Sy a 
acid and alanine using H~ | + ar GOT | ua > ra i 
glutamic acid as the H—C—H i—C—H H—C—H a aL 
amine doncr in | | 

transamination (GOT = A= Ge Cc —? ° 
glutamate oxaloacetate Ho” No Ho” No 
transaminase; GPT = Ho” No uot Sa 


glutamate pyruvate 
transaminase). The 
shaded areas show the 
parts of the molecules 
that are changed by 
transamination 


Glutamic acid 


Oxaloacetic acid 


@=-Ketoglutaric acid Aspartic acid 


reaction OH ie) H H 
ions NF Oo Re We) re OWN AO 
Syed ] H i 
New Cet =0 c=0 >y—c-n 
H~ | + GPT | + H~ | 
H—C—H H—C—H = heh H—C—H 
| -_——___—_ [ | 
H—C—H H=—c—# H 
| | 
Cc Cc 
Ho% No Ho% No 
Glutamic acid Pyruvic acid a@—-Ketoglutaric acid Alanine 
enzyme glutamate pyruvate transaminase (GPT); the latter ree Bb ley Ame A BPE sgt ae 
action is catalyzed by glutamate oxaloacetate transaminase Amino acid a-Ketoglutaric acid NH, + CO2 
(GOT). The addition of an amine group to pyruvic acid pro- 
duces the amino acid alanine and the addition of an amine . 
group to oxaloacetic acid produces the amino acid known wy tren Sys 
as aspartic acid (fig. 27.4). Bets acid ~ Glutamic acid 
ne 
z . Urea i 
Oxidative Deamination As shown in figure 27.5, glutamic O 
; See eee . : H H } 
acid can be formed through transamination by the combi- I| 
nation of an amine group with a-ketoglutaric acid. Glu- i he 
tamic acid is also produced in the liver from the ammonia i" H 
generated by intestinal bacteria and carried to the liver in FIGURE 27.5 Rs 


the hepatic portal vein. Since free ammonia is very toxic, 
its removal from the blood and incorporation into glutamic 
acid is an important function of the healthy liver. 

If the body's supply of amino acids exceeds the amount 
required for protein synthesis, the amine group from glutamic 
acid may be removed and excreted as urea in the urine (fig. 
27.5). The metabolic pathway that removes amine groups 
from amino acids—leaving a keto acid and ammonia (which 
is converted to urea)—is known as oxidative deamination 
(ok‘’st-da‘t de-am“‘t-na‘shun). A number of amino acids 
can be converted into glutamic acid by transamination. Since 
glutamic acid can donate amine groups to urea (through 
deamination), it serves as a channel through which other 
amino acids can be used to produce keto acids (pyruvic acid 
and Krebs cycle acids). These keto acids may then be used 
in the Krebs cycle as a source of energy (fig. 27.6). 


Oxidative deamination. Glutamic acid is converted to a- 
ketoglutaric acid as it donates its amine group to the metabolic 
pathway that results in the formation of urea. 


Se ee ot. oe me + 


Depending upon which amino acid is deaminated, the 
keto acid left over may be either pyruvic acid or one of the 
Krebs cycle acids. These can be respired for energy, con- 
verted to fat, or converted to glucose. In the last case, the 
amino acids are eventually changed to pyruvic acid, which 
is used to form glucose. This process, the formation of new 
glucose from amino acids (or other noncarbohydrate mole- 
cules), 1s called gluconeogenesis (gloo “‘ko-ne’6-jen‘L-sts). 

The main substrates for gluconeogenesis are the 
three-carbon-long molecules of alanine (an amino acid), 
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Pathways by which amino acids can be 

catab wolfe for energy. These pathways are 

some amino acids that must be 
ed into other amino acids before 

converted into keto acids by 


Pyruvic acid 


6 Amino acids 


NH, ~ Urea 


deamination. 
8 Amino acids 
Acetyl CoA NH, —-» Urea 
2 Amino acids 
Citric acid 
Urea = Oxaloacetic acid 
4 Amino acids 
Krebs cycle at-Ketoglutaric acid NH, —* Urea 
2 Amino acids 
Urea «— NH, Fumanic acid Sen Amino acids 
a acid NH, —» Urea 
Glycogen 
Glucose 
Glycerol! —____-. Phosphoglyceraldehyde 
Triglycerides Lactic acid S—__ Pyruvic acid 
Falty acids [_______. Acety! CoA =. Amino acids — 
a a Urea 
Ketone 
bodies 
FIGURE ae 7 pees 
Simpliied metabolic pathways showing how Ca cycle 
ycogen, fat pesenn ree c. 


‘erconverted 


lactic acid (derived from glucose during anaerobic respi 
ration), and vlycerol (from lipolysts m adipose tissue). The 
possible interrelationships berween amino acids, carbo- 

pl a i aC ° 
hydrates. and far are Wlustrared in figure 27.7. Recent ex 
periments in humans have demonstrated that, even during 


the early stages of tasung, most of the glucose secreted 
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from the liver ts derived from gluconeogenesis. Findings 
indicate that hydrolysis of liver glycogen (glycogenolysis) 
contributes only 36% to the secreted glucose during 


the early stages of a fast; by 42 hours of fasting, all of 


the glucose secreted by the liver is being produced by 
gluconeogenesis. 
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Alternative sources of Energy 


Dietary or - . 
energy-reserve Triglycerides Polysaccharides Proteins 
The blood serves as a common trough from which sources 
all the cells in the body are fed. If all cells used the pre — 
same energy source, such as glucose, this source [.....) “FSi weno ne 
ld if B SORTS Circulating \ 
would quickly be depleted and cellular starvation energy Fatty acids, ames Amino 
lactic d 
would occur. Howeve ally there are a variety Substrates bist) i ae 
ever, normally there are a variety (in blood) ketone bodies acids 
of blood energy sources from which to draw: glu- ———}--——-— 
cose and ketone bodies from the liver, fatty acids << euaeert | ginaara> 
: ‘ e liver, fatty acids Intermediates NH 
from adipose tissue, and lactic acid and amino acids of aerobic Py ; 
; " , c 
from muscles. Some organs prefere use one pornretcs od 
gans preferentially use one fin cols) acid 
energy source more than the others, so that each Urea 
energy source ts “spared” for organs with strict en- 
ergy needs. Acetyl 
The brain uses blood glucose as its major en- coenzyme A 


ergy source. Under fasting conditions, blood glu- 
cose is supplied primarily by the liver through the 
processes of gluconeogenesis and glycogenolysis. 
This blood glucose is spared for the brain because 
skeletal muscles and other organs use fatty acids, 
ketone bodies, and lactic acid as their major energy 
sources during fasting. In the case of prolonged fast- 
ing, however, the brain too will begin to use ketone 
bodies as its energy source, in addition to glucose. 


The metabolic changes that occur during fasting ina 

resting person are produced more rapidly in a person 

who is exercising. Liver (and muscle) glycogen is 

depleted more rapidly and gluconeogenesis 
contributes a higher percentage of the hepatic secretion of 
glucose. Lactic acid produced anaerobically dunng exercise 
is also used for energy following exercise The extra oxygen 
required to metabolize lactic acid contributes to the oxygen 
debt following exercise (chapter 12). 


Regulation of Energy Metabolism 


Blood plasma contains circulating glucose, fatty acids, amino acids, and 
other molecules that can be used by body ussues for cell resprration 
These circulating molecules may be derived from food or from 
breakdown of the body's own glycogen, fat, and protem The building 
of the body's energy reserves following a meal and the utilization of 
these reserves between meals, are regulated by the action of hormones 
that act to promote either anabolism or catabolism 


The molecules that can be oxidized for energy by the 
processes of cell respiration may be derived from energy Te- 
serves of glycogen, fat, or protein. Glycogen and fat serve 
primarily as energy reserves; for proteins, by contrast, this 
represents a secondary, emergency function. Although body 
protein can provide amino acids for energy, it can do so 
only though the breakdown of proteins needed for muscle 
contraction, structural strength, enzymatic activity, and 
other functions. Alternatively, the molecules used for cell 
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FIGURE 27.8 


A schematic flowchart of energy pathways in the body. 


respiration can be derived from the products of digestion 
that are absorbed through the small intestine. Since these 
molecules—glucose, fatty acids, amino acids, and others— 
are carried by the blood to the tissue cells for use in cell 
respiration, they can be called circulating energy substrates 
(fig. 27.8). 

As discussed in the previous section, different organs 
have different preferred energy sources. The brain has an al- 
most absolute requirement for blood glucose as its energy 
source, for example. A fall in the plasma concentration of 
glucose to below about 50 mg per 100 ml can thus “starve” 
the brain and have disastrous consequences. Resting skele- 
tal muscles, by contrast, use fatty acids as their preferred en- 
ergy source. Similarly, ketone bodies (derived from fatty 
acids), lactic acid, and amino acids can be used to different 
degrees as energy sources by various organs. The plasma nor- 
mally contains adequate concentrations of all of these cir 
culating energy substrates to meet the energy needs of the 


body. 


fating 


Ideally, one should eat the kinds and amounts of foods that 
provide adequate vitamins, minerals, essential amino acids 
and tatty acids, and calories. Proper caloric intake main- 
tains energy reserves (primarily fat and glycogen) and re- 


sults in a body weight within an optimum range for health 
(see table 27.1). 
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Body weight tends to be stable despite short-term 
changes in caloric intake. It has thus been proposed that 
there may be some regulatory mechanism in the body that 
is sensitive to the amount of body far. Although this mech- 
anism ts not known, it is clear that there is a relationship be- 
tween body tat and endocrine function. The secretion of 
anterior pituitary hormones is affected in a variety of ways. 
Obese women, for example, may experience menstrual cycle 
abnormalities and hirsutism (hairiness), whereas women with 
little body tat—perhaps as the result of extremely strenuous 
exercise—may experience amenorrhea (cessation of the men- 
strual cycle). Abnormalities in growth hormone, ACTH, and 
prolactin secretion have also been observed in obese people. 

Eating behavior appears to be at least partially con- 
trolled by areas of the hypothalamus. Lesions (destruction) 
in the ventromedial area of the hypothalamus produce hy- 
perphagta, or overeating, and obesity in experimental ani- 
mals. Lesions of the lateral hypothalamus, by contrast, 
produce Aypophagia and weight loss. 

Chemical neurotransmitters that may be involved in 
neural pathways mediating eating behavior are currently 
being investigated. There is evidence, for example, that en- 
dorphins may he involved, since injections of naloxone (a 
morphine-blocking drug) suppress overeating in rats. There 
is also evidence that the neurotransmitters norepinephrine 
and serotonin may be involved; injections of norepineph- 
rine into the brain cause overeating in rats, whereas injec- 
tions of serotonin have the opposite effect. Interestingly, 
the intestinal hormone cholecystokinin (CCK) also appears 
to function as a neurotransmitter in the brain, and it has 
been shown that inyections of CCK cause experimental an- 
imals and humans to stop eating. Drugs that block the in- 
teraction of CCK with its membrane receptors, conversely, 
produce overeating in experimental animals. 


Hormonal Regulation of Metabolism 


The absorption of energy carriers from the small intestine 
is nor constant; it rises to high levels during a 4-hour period 
following each meal (the absorptive state) and tapers to- 
ward zero between meals, after each absorptive state ts con- 
cluded (the postabsorptive, or fasting, state). Despite this 
fluctuation, the plasma concentration of glucose and other 
energy substrates does not remain high during periods of ab- 
sorption and does not normally tall below a certain level 
during periods of fasting. During the absorption of digestion 
products from the small intestine, energy substrates are Te- 
moved from the blood and deposited as energy reserves from 
which withdrawals can be made during times of fasting (fig. 
27.9). This ensures an adequate plasma concentration of 
energy substrates Co sustain tissue metabolism at all times. 
The rate of deposit and withdrawal of energy substrates 


into and from the energy reserves and the conversion of one 
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The balance of metabolism can be tilted toward anabolism 
(synthesis of energy reserves) or catabolism (utilization of energy 
reserves) by the combined actions of various hormones. Growth 
hormone and thyroxine have both anabolic and catabolic effects 


rol 


Insulin 
(Growth hormone) 
(Thyroxine) 


type of energy substrate into another are regulated by the ac- 
tions of hormones. The balance between anabolism and ca- 
tabolism is determined by the antagonistic effects of insulin, 
glucagon, growth hormone, thyroxine, and other hormones 
(fig. 27.9). The specific metabolic effects of these hormones 
are summarized in table 27.6, and some of their actions are il- 
lustrated in figure 27.10. 


Energy Regulation by 


the Pancreatic Islets 


Insulin secretion ts simulated by a rise m the blood glucose 
concentration, and insulin promotes the entry of blood glucose mto 


ussue cells. Insulin thus promotes the storage of glycogen and fat while 
causing the blood glucose concentration to fall. Glucagon secretion is 
sumulated by a fall m blood glucose, and glucagon acts to raise the 
blood glucose concentration by promoung glycogenolysts m the liver. 


Regulation of Insulin and Glucagon Secretion 


Insulin and glucagon are hormones secreted by the pancre- 
atic islets (islets of Langerhans), as described in chapter 19. 
Insulin is secreted by the beta cells and glucagon by the alpha 
cells of the pancreatic islets. 
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FIGURE 27.10 
Different hormones participate both 
synergistically and antagonistically in the 
regulation cf metabolism. 
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Insulin and glucagon secretion is largely regu- 
lated by the plasma concentrations of glucose and, 
to a lesser degree, of amino acids. The alpha and beta 
cells act as both the sensors and effectors in this con- 
trol system. Since the plasma concentration of glu- 
cose and amino acids rises during nutrient absorption 
following a meal and falls during fasting, the secretion 
of insulin and glucagon likewise fluctuates between 
the absorptive and postabsorptive states. These 
changes in insulin and glucagon secretion, in turn, 
cause changes in blood plasma glucose and amino 
acid concentrations and thus help to maintain 
homeostasis via negative feedback loops (fig. 27.11). 


Adipose cell 


Effects of Glucose = During the absorption of a car- 
bohydrate meal, the blood plasma glucose con- 
centration rises. This rise in plasma glucose 
(1) stimulates the beta cells to secrete insulin and 
GiEaoot (2) inhibits the secretion of glucagon from the 
Growth hormone alpha cells. Insulin acts to stimulate the cellular 
nA uptake of plasma glucose. A rise in insulin secre- 

tion therefore lowers the blood plasma glucose con- 
centration. Since glucagon has the antagonistic 
acids effect of raising the plasma glucose concentration 
by stimulating glycogenolysis in the liver, the in- 

hibition of glucagon secretion complements the ef- 

fect of increased insulin during the absorption of a 

carbohydrate meal. A rise in insulin and a fall in 
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FIGURE 27.11 
The secretion from the B (beta) cells and a (alpha) cells of the 
pancreatic islets is regulated to a large degree by the blood 
glucose concentration. A high blood glucose concentration 
stimulates insulin and inhibits glucagon secretion. 
Conversely. a low blood glucose cencentration (b) stimulates 
glucagon and inhibits secretion. The actions of insulin and 
glucagon provide negative feedback control of the blood glucose 
concentration 


glucagon secretion thus help to lower the high plasma glu- 
cose concentration that occurs during periods of absorption. 

During fasting, the plasma glucose concentration falls. 
Ac this time, therefore, (1) insulin secretion decreases and 
(2) glucagon secretion increases. These changes in hormone 
secretion prevent the cellular uptake of too much blood glu- 
cose into the muscles, liver, and adipose tissue and promote 
the release of glucose trom the liver (through the actions of 
glucagon). A negative feedback loop is therefore completed 
(fig. 27.11), helping to retard the fall in plasma glucose con- 
centration that occurs during fasting. 

The oral glucose tolerance test (fig. 2 
sure of the ability of the beta cells to secrete insulin and of 
the ability of insulin to lower blood glucose. In this proce- 
dure, a person drinks a glucose solution and blood samples 
are taken periodically tor plasma glucose measurements. In 
anormal person, the rise in blood glucose produced by drink- 


7.12) is a mea- 


P 
ing this solution is reversed to normal levels within 2 hours 


following glucose ingestion. 
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FIGURE 27.12 


Changes in blood glucose and plasma insulin concentrations 
after the ingestion of 100 grams of glucose in an oral glucose 
tolerance test. (Insulin is measured in activity units [U].) 


a People with diabetes mellitus—due to the inadequate 
secretion or action of insulin—maintain a state of 
high plasma glucose concentration (hyperglycemia) 
during the oral glucose tolerance test (fig. 27.12). 

People who have reactive hypoglycemia (low plasma glucose 
concentration due to excessive insulin secretion) have lower- 
than-normal blood glucose concentrations 5 hours following 
glucose ingestion. These conditions are described in detail 
under “Clinical Considerations.” 


Effects of Autonomic Nerves The pancreatic islets receive 
both parasympathetic and sympathetic innervation. The ac- 
tivation of the parasympathetic system during meals stimu- 
lates insulin secretion at the same time that gastrointestinal 
function is stimulated. The activation of the sympathetic 
system, by contrast, stimulates glucagon secretion and in- 
hibits insulin secretion. The effects of glucagon, together 
with those of epinephrine, produce a “stress hyperglycemia” 
when the sympathoadrenal system is activated. 


Effects of GIP = Surprisingly, insulin secretion increases more 
rapidly following glucose ingestion than it does following an 
Intravenous injection of glucose. This is due to the fact that 
the small intestine, in response to glucose ingestion, secretes 
a hormone that stimulates insulin secretion before the glucose 
is absorbed. Insulin secretion thus begins to rise in anticipa- 
tion of arise in blood glucose. The intestinal hormone that 
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A rise in blood glucose concentration stimulates insulin secretion. 
Insulin promotes a fall in blood glucose by stimulating the 
cellular uptake of glucose and the conversion of glucose to 
glycogen and fat. 


mediates this effect is believed to be GIP—gastric inhibitory 
peptide, or, more appropriately in this context, glucose- 
dependant insulinotropic peptide (chapter 26). 

The mechanisms that regulate insulin and glucagon se- 
cretion and the actions of these hormones normally prevent 
the plasma glucose concentration from rising above 170 mg 
per 100 ml after a meal or from falling below about 50 mg per 
100 ml between meals. This regulation is important because ab- 
normally high blood glucose can damage tissue cells (as may 
occur in diabetes mellitus) and abnormally low blood glucose 
can damage the brain. The latter effect results from the fact 
that glucose enters the brain by facilitated diffusion. When 
the rate of this diffusion is too low due to low plasma glucose 
concentrations, the supply of metabolic energy for the brain 
may become inadequate and result in weakness, dizziness, per- 
sonality changes, and ultimately in coma and death. 


Insulin and Glucagon: Absorptive state 


The lowering of blood glucose by insulin is, ina sense, a side 
effect of the primary action of this hormone. Insulin is the 
major hormone that promotes anabolism in the body. Dur- 
ing absorption of the products of digestion and the subse- 
quent rise in the plasma concentrations of circulating energy 
substrates, insulin promotes the cellular uptake of glucose 
and its conversion to glycogen and fat (fig. 27.13). Quanti- 
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FIGURE 27.14 

The synthesis of triglycerides (fat) within adipose cells. Notice that 
fat can be produced from glucose and from fatty acids released 
by the hydrolysis of plasma lipoproteins. 


tatively, skeletal muscles are responsible for most of the 
insulin-stimulated glucose uptake. Insulin also promotes the 
cellular uptake of amino acids and their conversion to pro- 
teins. The stores of large, energy-reserve molecules are thus 
increased while the plasma concentrations of glucose and 
amino acids are decreased. 

The synthesis of triglycerides (fat) within adipose cells 
depends upon insulin-stimulated glucose uptake from blood 
plasma. Once inside the adipose cells, glucose can he con- 
verted into @-glycerol phosphate and acetyl CoA. The 
o-glycerol phosphate is used to form glycerol, and the acetyl 
CoA is incorporated into fatty acids. The condensation of 
three fatty acids with glycerol then yields triglycerides (fig. 
27.14). Entry of blood glucose into adipose cells—which is 
directly dependent on insulin—thus determines the rate at 
which fat is produced. 

Obesity is a condition of excessive stored fat. A 
nonobese 70-kg (154-lb) man has approximately 10 kg 
(about 82,500 keal) of stored fat. Since 250 g of fat can sup- 
ply the energy requirements for 1 day, this reserve fuel is suf- 
ficient for about 40 days. Glycogen is less efficient as an 
energy reserve, and less is stored in the body; the glycogen 
stored in the liver amounts to about 100 v (400 keal) and, in 
skeletal muscles, to between 375 and 400 g (1500 keal). In- 
sulin promotes the cellular uptake of glucose into the liver 
and muscles and the conversion of glucose into glucose 
6-phosphate. In the liver and muscles, this can be changed 
into glucose L-phosphate, which serves as the precursor of 
glycogen. Once the stores of glycogen have been filled, the 
continued ingestion of excess calones results in the contin- 
ued production of fat rather than of glycogen. 
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Insulin and Glucagon: 
Postabsorptive State 


Glucagon stimulates and insulin 
suppresses the hydrolysis of liver 
glycogen, or glycogenolysis. Thus, 
during times of fasting when 
glucagon secretion is high and in- 
sulin secretion is low, liver glyco- 
gen ts used as a source of additional 
blood glucose. This process is es- 
sentially the reverse of that by 
which glycogen was formed and re- 
sults in the liberation of free glu- 
cose from glucose 6-phosphate, as 
previously described. 

Since only about 100 g of 
glycogen are stored in the liver, ad- 
equate blood glucose levels could 
not be maintained for very long 
during fasting using this source 
alone. The low levels of insulin se- 
cretion during fasting, together 
with elevated glucagon secretion, 
however, promote gluconeogene- 
sis. Low insulin allows the release 
of amino acids from skeletal mus- 
cle proteins, while glucagon and cortisol (discussed later) 
stimulate the production of enzymes in the liver that convert 
aming acids to pyruvic acid and pyruvic acid to glucose. Dur- 
ing prolonged fasting and exercise, gluconeogenesis in the 
liver using amino acids from muscle proteins may be the 
only source of blood glucose. 

The secretion of glucose from the liver during fasting 
compensates for the low blood glucose concentrations and 
helps to provide the brain with the glucose it needs. But, 
because insulin secretion is low during fasting, skeletal mus- 
cles cannot uulize blood glucose as an energy source. In- 
stead, as mentioned previously, the skeletal muscles—as well 
as the heart, liver, and kidneys—use free fatty acids as their 
major source of fuel. This helps to spare glucose for the brain. 

The free fatty acids are made available by the action of 
glucagon. In the presence of low insulin levels, glucag in stim- 
ulates an enzyme called hormone-sensitive lipase in adipose 
cells. This enzyme catalyzes the hydrolysis of stored triglyc- 
erides and the release of tree fatty acids and glycerol into the 
blood. Glucagon also stimulates enzymes in the liver that 
convert some of these fatty acids into ketone bodies, which 
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FIGURE 27.15 

Increased glucagon secretion and decreased insulin secretion 
during fasting favors catabolism. These hormonal changes result 
in elevated release of glucose. fatty acids, ketone bodies, and 
amino aeids into the blood. Notice that the liver secretes glucose 
that is derived both from the breakdown of liver glycogen and 
from the conversion of amino acids in gluconeogenesis. 


are secreted into the blood (fig. 27.15). Several organs in the 
body can use ketone bodies, as well as fatty acids, as a source 
of acetyl CoA in aerobic respiration. 

Through the stimulation of lipolysis and the formation 
of ketone bodies, the high glucagon and low insulin levels 
that occur during fasting provide circulating energy sub- 
strates for use by the muscles, liver, and other organs. At the 
same time, this hormonal state promotes liver glycogenoly- 
sis and gluconeogenesis, which provide adequate levels of 
blood glucose to sustain the metabolism of the brain. The 
antagonistic action of insulin and glucagon (fig. 27.16) thus 
promotes appropriate metabolic responses during periods of 
fasting and periods of absorption. 
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FIGURE 27.16 

The inverse relationship between insulin and glucagon secretion 
during the absorption of a meal and during fasting. Changes in 
the insulin-to-glucagon ratio tilt metabolism toward anabolism 
during the absorption of food and toward catabolism during 


Epmephrine, the glucocorticoids, thyroxme, and growth hormone 


stumulate the catabolism of carbohydrates and lipids. These hormones 
carbohydrate and 


are thus antagonistic to msulin in thee regulation of 
lipid metabolism Thyroxine and gouwth hormone, however, surmulate 
protem synthesis and are nee ded for body growth and proper 
development of the central nervous system These hormones thus have 
an anaholc effect. which ts complementary to that of insulin, on protem 


synthesis 


The anabolic effects of insulin are antagonized by glucagon, 


as previously deseribed, and by the actions of a vartety of 


other hormones. The hormones of the adrenal glands, 
thyroid, and antentor pituitary (specitically growth hormone) 
antagonize the action of insulin on carbohydrate and lipid 


metabolism. The actions of insulin, thyroxine, and growth 
hormone, however, can act synergistically in the stimula- 


tion of protein synthesis. 


Adrenal Hormones 


As described in chapter 19, the adrenal gland consists of 
two different parts with different embryonic origins that 
function as separate glands. The two parts secrete different 
hormones and are regulated by different control systems. 
The adrenal medulla is derived from the neural crest and 
secretes catecholamine hormones—epinephrine and lesser 
amounts of norepinephrine—in response to sympathetic 
nerve stimulation. The adrenal cortex ts derived from meso- 
derm and secretes corticosteroid hormones. The cortico- 
steroids are grouped into two functional categories: 
mineralocorticoids, such as aldosterone, which regulate Na* 
and K* balance, and glucocorticoids (gloo “ko-kor ‘tt-koidz), 
such as hydrocortisone (cortisol), which participate in meta- 
bolic regulation. 


Metabolic Effects of Epinephrine = The metabolic effects of 
epinephrine are similar to those of glucagon. Both stimu- 
late glycogenolysis and the release of glucose from the liver, 
and both stimulate lipolysis and the release of fatty acids 
from adipose tissue. These actions occur in response to 
glucagon during fasting, when low blood glucose stimulates 
glucagon secretion, and in response to epinephrine during 
the fight-or-flight reaction to stress. The latter effect pro- 
vides circulating energy substrates in anticipation of the 
need for intense physical activity. Glucagon and epineph- 
rine have similar mechanisms of action; the actions of both 
are mediated by cyclic AMP (fig. 27.17). 


Metabolic Effects of Glucocorticoids Hydrocortisone 
(cortisol) and other glucocorticoids are secreted by the 
adrenal cortex in response to ACTH stimulation. The se- 
cretion of ACTH from the anterior pituitary occurs as part 
of the general adaptation syndrome in response to stress 
(chapter 19). Since prolonged fasting or prolonged exercise 
certainly qualify as stressors, ACTH—and thus glucocorti- 
cond secretion—ts stimulated under these conditions. The 
increased secretion of glucocorticoids during prolonged fast- 
ing or exercise supports the effects of increased glucagon 
and decreased insulin secretion from the pancreatic islets. 
Like glucagon, hydrocortisone promotes lipolysis and 
the formation of ketone bodies. Its major action, however, ts 
the sumulation of gluconeogenesis in the liver. Although hy- 
drocortisone stimulates enzyme (protein) synthesis in the liver 
for gluconeogenesis, if promotes protein breakdown in the 
muscles. This latter ettect increases the blood levels of amine 
acids and provides the substrates needed by the liver tor gla- 
coneogenests. The release of circulating energy substrates— 
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FIGURE 27.17 

Cyclic AMP (cAMP) serves as a second messenger in the actions 
of epinephrine and glucagon on liver and adipose tissue 
metabolism 


amino acids, glucose, fatty acids, and ketone bodies—into the 
blood in response to hydrocortisone (fig. 27.18) helps to com- 
pensate for a state of prolonged fasting or exercise. Whether 
these metabolic responses are beneficial in other stressful 
states is open to question. 


Thyroxine 


The thyroid gland follicles secrete thyroxine, also called 
tetrarodothyronine (T4), in response to stimulation by 
thyroid-stimulating hormone (TSH) from the anterior pi- 
tuitary. Almost all organs in the body are targets of thy- 
roxine action. Thyroxine itself, however, ts not the active 
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FIGURE 27.18 
The catabolic actions of glucocorticoids help raise the blood 
concentration of glucose and other energy-carrier molecules. 


form of the hormone within the target cells; thyroxine is 
a prehormone that must first be converted to tritodothy- 
ronine (T3) within the target cells to be active (chapter 
19). Acting via its conversion to Tj, thyroxine (1) stim- 
ulates the rate of cell respiration and (2) contributes to 
proper growth and development, particularly during early 
childhood. 


Thyroxine and Cell Respiration 9 Thyroxine stimulates the 
tate of cell respiration in almost all cells in the body. This is 
believed to be due to thyroxine-induced lowering of cellular 
ATP concentrations. ATP exerts an end-product inhibition 
(chapter 4) of cell respiration so that when ATP concen- 
trations increase, the rate of cell respiration decreases. Con- 
versely, a lowering of ATP concentrations, as may occur in 
response to thyroxine, stimulates cell respiration. 

The metabolic rate under carefully controlled resting 
conditions is known as the basal netabolic rate (BMR), as 
previously described. Acting through its stimulation of cell 
respiration, thyroxine acts to “set” the BMR. The BMR can 
thus be used as an index of thyroid gland function. Indeed, 
such measurements were used clinically to evaluate thyroid 
function prior to the development of direct chemical deter- 
minations of Ts and Ty in the blood. 
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The coupling of energy-releasing SQU@ OR, 
reactions to energy-requiring reactions hl iD I) 
is never 100% efficient; a proportion of 4; 

the energy is always lost as heat. Much - 
of the energy lhberated during cell res- 
piration and much of the energy released 
by the hydrolysis of ATP escapes as heat. 
Since thyroxine stimulates both ATP 
consumption and cell respiration, the 
actions of thyroxine result in the pro- 
duction of metabolic heat. 

The heat-producing, or calori- 
genic (calor = heat), effects of thyroxine 
are required for cold adaptation. This 
does not mean that people who are 
cold-adapted have high levels of thy- 
roxine secretion. Rather, thyroxine lev- 
els in the normal range coupled with 
the increased activity of the sympa- 
thoadrenal system and other responses 
are responsible for cold adaptation. 
Thyroxine exerts a permissive effect on 
the ability of the sympathoadrenal sys- 
tem to increase heat production in re- 
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sponse to cold stress. 


Thyroxine in Growth and Development = Through its stim- 
ulation of cell respiration, thyroxine stimulates the increased 
consumption of circulating energy substrates, such as glu- 
cose, fatty acids, and other molecules. These effects, how- 
ever, are mediated at least in part by the activation of genes; 
thyroxine stimulates both RNA and protein synthesis. As 
a result of its stimulation of protein synthesis throughout 
the body, thyroxine is considered to be an anabolic hormone 
like insulin and growth hormone. 

Because of its stimulation of protein synthesis, thyroxine 
is needed for growth of the skeleton and, most importantly, 
for the proper development of the central nervous system. 
Recent evidence has demonstrated the presence of receptor 
proteins for Ts in the neurons and astrocytes of the brain. 
This need for thyroxine is particularly great when the brain is 
undergoing its greatest rate of development—from the end 
of the first trimester of prenatal life to 6 months after birth. 
Hypothyroidism during this period may result in cretinism. 
Unlike people with dwarfism, who have normal thyroxine se- 
cretion but a low secretion of growth hormone, pec ple with 
cretinism suffer from severe mental retardation. Treatment 
with thyroxine soon after birth, particularly before | month of 
age, has been found to restore development of intelligence as 
measured by 1Q tests administered 5 years later. 


Hypothyroidism and Hyperthyroidism As might be pre- 


dicted from the effects of thyroxine, people who are 


cand hyperthyroidism 
Growth and development 


_ Temperature tolerance 


rointestinal symptoms 
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omparison of hypothyroidism. 


Hypothyroid 


Impaired growth 


Decreased activity; increased 
sleep 


Intolerance to cold 
Coarse, dry skin 
Absent 

Slow 


Constipation; decreased 
appetite; increased weight 


Increased activity; 
decreased sleep 


Smooth skin 
Excessive 


appetite; e 


hypothyroid have an abnormally low BMR and experience 
weight gain and lethargy. In addition, the ability to adapt 
to cold stress is diminished in the case of thyroxine defi- 
ciency. The most severe form of hypothyroidism is 
myxedema (mik “’st-de ‘ma)— a condition characterized by 
accumulation of mucoproteins in subcutaneous connective 
tissues. Hypothyroidism has numerous causes, including in- 
sufficient thyrotropin-releasing hormone (TRH) secretion 
from the hypothalamus, insufficient TSH secretion from the 
pituitary gland, and insufficient iodine in the diet. Hy- 
pothyroidism due to lack of 1odine is accompanied by ex- 
cessive TSH secretion, which stimulates abnormal growth 
of the thyroid gland (goiter). This condition can be reversed 
by iodine supplements. 

A goiter can also be produced by another mechanism. 
In Graves’ disease, apparently an autoimmune disease, au- 
toantibodies (chapter 23) exert TSH-like effects on the thy- 
roid. Since the production of these autoantibodies is not 
controlled by negative feedback, the thyroid gland as stum- 
ulated excessively, thus producing the goiter associated with 
a hyperthyroid state. Hyperthyroidism produces a high BMR 
accompanied by weight loss, nervousness, irritability, and 
an intolerance to heat. The symptoms of hypothyroidism 
and hyperthyroidism are compared in table 27.7. 


Graves’ disease trom Robert James Graves, Irish physician, 1796-1853 
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frowth Hormone 


The anterior pituitary secretes growth hormone, also called 
somatotropic hormone, in larger amounts than any other 
of its hormones. As its name implies, 


growth hormone stum- 
ulates growth in children and 


adolescents. Growth hormone 
secretion continues in adults, particularly under the condi- 
tions of fasting and other forms of stress. This implies that 
growth hormone can have important metabolic effects even 
after the growing years have ended. 


Regulation of Growth Hormone Secretion § The secretion of ~ 


growth hormone is inhibited by somatostatin, which is pro- 
duced by the hypothalamus and secreted into the hypothalamo- 
hypophyseal portal system (chapter 19). In addition, a 
hypothalamic-releasing hormone stimulates growth hor- 
mone secretion. Growth hormone thus appears to be unique 
among the anterior pituitary hormones in that its secretion 
is controlled by both a releasing and an inhibiting hormone 
from the hypothalamus. The secretion of growth hormone 
follows a circadian, or 24-hour, rhythm, increasing during 
sleep and decreasing during periods of wakefulness. 

Growth hormone secretion is stimulated by an increase 
in the plasma concentrations of amino acids and by a de- 
crease in the plasma glucose concentration. These events 
occur during absorption of a high protein meal, when amino 
acids are absorbed. The secretion of growth hormone is also 
increased during prolonged fasting when plasma glucose is 
low and plasma amino acid concentration is raised by the 
breakdown of muscle protein. 


Insulin-Like Growth Factors Insulin-like growth factors 
(IGF) are polypeptides produced by many tissues that are 
similar in structure to proinsulin (chapter 2), have insulin- 
like effects, and also serve as mediators for some of growth 
hormone’s actions. The term somatomedins is often used to 
refer to two of these factors, designated IGF-1 and IGF-2. 
The liver produces and secretes IGF-1 in response to growth 
hormone stimulation (fig. 27.19), and this secreted IGF-1 
then functions as a hormone in its own right, traveling in 
the blood to the target tissue. A major target ts cartilage, 
where IGF-1 stimulates cell division and growth. IGF-1 also 
functions as an autocrine regulator (chapter 19) because the 
chondrocytes (cartilage cells) themselves produce some IGF- 
1 in response to growth hormone stimulation. The growth- 
promoting actions of IGF-I thus directly mediate the effects 
of growth hormone on cartilage. These actions are supported 
by IGF-2, which has more insulin-like actions. 


Effects of Growth Hormone on Metabolism) = The tact that 
growth hormone secretion ts increased during fasting and 
also during absorption of a protein meal reflects the complex 
nature of this hormone’s action. Growth hormone has both 
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Hypothalamus FIGURE 27.19 
The hepatic production of 
£4 polypeptides called 


somatomedins is 
stimulated by growth 
hormone. These 
compounds in turn 
produce the anabolic 
effects that characterize 
the actions of growth 
hormone in the body. 


Anterior 
pituitary 


Growth hormone 
(somatotropic hormone) 


Target organs 


anabolic and catabolic effects; it promotes protein synthesis 
(anabolism), and in this respect is similar to insulin. It also 
stimulates the catabolism of fat and the release of fatty acids 
from adipose tissue—effects similar to those of glucagon. 

In terms of its action on lipid and carbohydrate me- 
tabolism, growth hormone is said to have an anti-insulin ef- 
fect. A rise in the plasma fatty acid concentration induced by 
growth hormone results in decreased rates of glycolysis in 
many organs. This inhibition of glycolysis by fatty acids, per- 
haps along with a more direct action of growth hormone, 
results in decreased glucose utilization by the tissues. Growth 
hormone thus acts to raise the blood glucose concentration. 

Growth hormone stimulates the cellular uptake of 
amino acids and protein synthesis in many organs of the 
body—actions that are useful when eating a protein-rich 
meal. Amino acids are removed from the blood and used to 
form proteins, and the blood concentration of glucose and 
fatty acids ts increased to provide alternate energy sources 
(fig. 27.20). The anabolic effect of growth hormone on pro- 
tein synthesis is particularly important during the growing 
years, when it contributes to increases in bone length and 
in the mass of many soft tissues. 


Regulation of Metabolism 


+, 290 TF 


Effects of Growth Hormone on Body Growth = The stimu- 
latory effects of growth hormone on bone growth results 
trom stimulation of mitosis in the epiphyseal plates of car- 
tilage present in the long bones of growing children and 
adolescents (see fig. 8.11). This action is mediated by the 
somatomedins, IGF-1 and IGF-2, which stimulate the chon- 


drocytes to divide and screte more cartilage matrix. Part of 


this growing cartilage 1s converted to bone, enabling the 


Growth hormone 


bone to grow in length. Bone growth stops when the epi- 
physeal plates ossify after the growth spurt during puberty, 
despite the fact that growth hormone secretion continues 
throughout adulthood. 

An excessive secretion of growth hormone in children 
can produce gigantism. This condition ts characterized by 
an exceptionally rapid growth in height (often to 8 feet tall), 
at the same time maintaining normal body proportions. 
Excessive growth hormone secretion that occurs atrer the 
epiphyseal plates have sealed, however, cannot produce in- 
creases in height. The oversecretion of growth hormone in 
adults results in an elongation of the jaw and detormities in 
the bones of the face, hands, and feet. This condition, called 
acromegaly, is accompanied by the growth of soft tissues and 
coarsening of the skin (fig. 27.21). It is interesting that ath- 
letes who (illegally) take growth hormone supplements to 


Adipose tissue Most tissues 
Lipolysis Decreased increase their muscle mass may also experience body changes 
Release of glucose similar to those that occur in acromegaly. 
fatty acids utilization 4 
An inadequate secretion of growth hormone during 


The effects of growth hormone. The growth-promoting, or 
ts of growth hormone are mediated indirectly via 


wt 


anabolic, effec 
stimulation and somatomedin production by the liver. 


Age 16 


Age 9 


FIGURE 27.21 


5 
= Somatomedins the growing years results in dwarfism. An interesting vari- 
pid ant of this condition is Laron dwarfism, in which there tsa 
6 Pract { sere genetic insensitivity to the effects of growth hormone. This 
é Catinee a Muscle and insensitivity is associated with, but may not be caused by, a 
o andbone Pceetaneode reduction in the number of growth hormone receptors in 
2 Growth d Growth the target cells. Genetic engineering has made available re- 
& combinant IGF-1, which has recently been approved by the 
FIGURE 27.20 FDA for the medical treatment of Laron dwarfism. 
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acromegaly: Gk. akron, extremity; mega, large 
Laron dwartism: from Zui Laron, Israeli endocrinologist, b. 1927 


Age 33 Age 52 


The progresston of acromegaly in one individual. The coarsening of 
features and dishqurement are evident by age 33 and severe at age 52 
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4 An adequate diet, particularly of proteins, is required 
\ for the production of IGF-1. This helps to explain why 
many children are significantly taller than their 
parents, who may not have had an adequate diet in 
their youth. Children with protein malnutrition (kwashiorkor) 
have low growth rates and low IGF-] levels in the blood, even 
though their growth hormone levels are abnormally elevated 
When these children are provided with an adequate diet, 
IGF-1| levels and growth rates increase. 


Clinical Considerations 


Chronic high blood glucose, or hyperglycemia, is the hall- 
mark of the disease diabetes mellitus. The name of this dis- 
ease comes from the fact that glucose “spills over” into the 
urine when the blood glucose concentration is too high (mel- 
litus is derived from the Latin word meaning “honeyed” or 
“sweet"). The hyperglycemia of diabetes mellitus results from 
either the insufficient secretion of insulin by the beta cells of 
the pancreatic islets or the inability of secreted insulin to 
stimulate the cellular uptake of glucose from the blood. Di- 
abetes mellitus, in short, results from the inadequate secre- 
tion or action of insulin. 

There are two forms of diabetes mellitus. In insulin- 
dependent diabetes mellitus (IDDM), also called type | di- 
abetes, the beta cells are progessively destroyed and secrete 
little or no insulin. This form of the disease accounts for 


only about 10% of the cases of diabetes in the country. 
About 90% of the people who have diabetes have non- 
insulin-dependent diabetes mellitus (NIDDM), also called 
type II diabetes. Type I diabetes was once known as juvenile- 
onset diabetes, because this condition is usually diagnosed in 
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j Table 7.4 3 Species of the two mcloutarns of diabetes Be inties Spat aE ghiote 


people under the age of twenty. Type I] diabetes has also 
heen called maturity-onset diabetes, because it is usually di- 
agnosed in people over the age of forty. Some comparisons of 
these two forms of diabetes mellitus are shown in table 27.8. 
It should be noted that table 27.8 compares only the early 
stages of IDDM and NIDDM hecause, in some people, 
NIDDM can grade into and later become IDDM. 


Insulin-Dependent Diabetes Melitus 


Insulin-dependent diabetes mellitus results when the beta 
cells of the pancreatic islets are progressively destroyed by 
autoimmune attack. Recent evidence in mice suggests that 
killer T lymphocytes (chapter 23) may target an enzyme 
known as glutamate decarboxylase in the beta cells. This 
autoimmune destruction of the beta cells may be provoked 
by an environmental agent, such as infection by viruses. In 
other cases, however, the cause is currently unknown. Re- 
moval of the insulin-secreting beta cells causes hyper- 
glycemia and the appearance of glucose in the urine. 
Without insulin, glucose cannot enter the adipose cells; the 
rate of fat synthesis thus lags behind the rate of fat break- 
down and large amounts of free fatty acids are released from 
the adipose cells. 

In a person with uncontrolled IDDM, many of the fatty 
acids released from adipose cells are converted into ketone 
bodies in the liver. This may result in an elevated ketone 
body concentration in the blood (ketosis), and if the buffer 
reserve of bicarbonate is neutralized, it may also result in 
ketoacidosis. During this time, the glucose and excess ketone 
bodies that are excreted in the urine act as osmotic diuretics 
and cause the excessive excretion of water in the urine. This 
can produce severe dehydration, which, together with ke- 
toacidosis and associated disturbances in electrolyte balance, 
may lead to coma and death (fig. 27.22). 
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Insulin-dependent (Type I) 


Non-insulin-dependent (Type I!) 


 ————————————————————————— 


Characteristics 
' Usual age of onset Under 20 years 
Development of symptoms Rapid 
About 10% 


e ent of aes a oo 


Over 40 years 
; Slow 
t ‘a About 90% z 
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Insulin deficiency 
(decreased secretion, resistance, or both) 


Increased 
hepatic glycogenolysis 


Osmotic diuresis 
(water, sodium, 


and death. 


a potassium, calcium, 
3 phosphate) 

ty 
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S FIGURE 27.22 

= The sequence of events by which an shh etetdl 
‘ insulin deficiency may lead to coma M ne bee age 
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In addition to the lack of insulin, people with IDDM 
have an abnormally high secretion of glucagon from the alpha 
cells of the pancreatic islets. Glucagon stimulates glycogenol- 
ysis in the liver and thus helps to raise the blood glucose con- 
centration. Glucagon also stimulates the production of 
enzymes in the liver that convert fatty acids into ketone bod- 
ies. Some researchers believe that the full symptoms of dia- 
betes result from high glucagon secretion as well as from the 
absence of insulin. The lack of insulin may be largely re- 
sponsible for hyperglycemia and for the release of large 
amounts of fatty acids into the blood. The high glucagon se- 
cretion may contribute to the hyperglycemia and be largely 
responsible for the development of ketoacidosis. 


fon-Insulin-Dependent Diabetes Melitus 


The effects produced by insulin, or any hormone, depend on 
the concentration of that hormone in the blood and on the 
sensitivity of the target Ussue Co given amounts of the hormone. 
Tissue responsiveness to insulin, for example, varies under nor- 
mal conditions. For reasons that are not completely understood, 
exercise increases insulin sensitivity and obesity decreases 1n- 
sulin sensitivity of the target tissues. The pancreatic islets of a 
nondiabetic obese person, therefore, must secrete high amounts 
of insulin to maintain the blood glucose concentration tn the 


normal range. Conversely, nondiabetic people who are thin 


Metabolic 
acidosis 


and exercise regularly require lower insulin secretion to main- 
tain the proper blood glucose concentration. 

Non-insulin-dependent diabetes is usually slow to de- 
velop, is hereditary, and occurs most often in people who are 
overweight. Genetic factors are very significant; people at 
highest risk are those who have both parents with NIDDM 
and who are members of certain ethnic groups, particularly 
Mexican-Americans and Pima Indians. Unlike IDDM, peo- 
ple who have NIDDM can have normal or even elevated lev- 
els of insulin in the blood. Despite this, people with NIDDM 
have hyperglycemia, if untreated. This must mean that, even 
though the insulin levels may be in the normal range, the 
amount of insulin secreted is inadequate. 

Much evidence has been obtained to show that people 
with NIDDM have an abnormally low tissue sensitivity to 
insulin, or an insulin resistance. This is true even if the person 
is not obese, but the problem is compounded by the decreased 
tissue sensitivity that accompanies obesity, particularly of the 
“apple-shape” variety. There is also evidence that the beta 
cells are not functioning correctly; whatever amount of in- 
sulin they secrete is inadequate to the task. Pre-diabetics 
often have elevated levels of insulin with hypoglycemia, sug- 
gesting insulin resistance. People with established NIDDM 
have both an insulin resistance and insulin deficiency. 

Since obesity decreases insulin sensitivity, people who 
are genetically predisposed to insulin resistance may develop 
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‘Table b.9 Compare 


L Insufficient insulin; other diseases 
Symptoms 
— and vomiting 
al findings 
blood pressure decreased, pulse weak; sk 


symptoms of diabetes when they gain weight. Conversely, this 
type of diabetes mellitus can usually be controlled by in- 
creasing Ussue sensitivity to insulin through diet and exer- 
cise. If this as not sufficient, oral drugs (generically known as 
the sulfonylureas) are available that increase insulin secretion 
and also stimulate tissue responsiveness to insulin. There is 
some evidence that overstimulation of the beta cells with sul- 
fonylureas may promote the conversion of NIDDM to IDDM, 
however, so research into alternative approaches is ongoing. 

People with type I diabetes mellitus do not usually de- 
velop ketoacidosis. The hyperglycemia itself, however, can be 
dangerous on a long-term basis. Diabetes is the leading cause 
of blindness, kidney failure, and amputation of the lower ex- 
tremities in the United States. People with diabetes frequently 
have circulatory problems that increase the tendency to de- 
velop gangrene and increase the risk of atherosclerosis. The 
causes of damage to the retina and lens of the eyes and to blood 
vessels are not well understood. It is believed, however, that 
these problems may result from a long-term exposure to high 
blood glucose, which (1) causes water to leave tissue cells by os- 
mosis, and thus produces dehydration of capillary endothelial 
cells; and (2) results in glycosylation of tissue proteins. 


Hypoglycemia 
A person with type | diabetes mellitus depends on insulin 
injections to prevent hyperglycemia and ketoacidosis. If in- 
adequate insulin is injected, the person may enter a coma 
as a result of the ketoacidosis, electrolyte imbalance, and 
dehydration that develop. An overdose of insulin can also 
produce a coma as a result of the hypoglycemia (abnormally 
low blood glucose levels) produced. The physical signs and 
symptoms of diabetic and hypoglycemic coma are sufficiently 
different (table 27.9) co allow hospital personnel to distin- 
guish between these two types. 

Less severe symptoms of hypoglycemia are usually pro- 
duced by an oversecretion of insulin from the pancreatic 
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Excessive urination and thirst; headache, Nausea, 


Excess insulin; insufficient food; excessive exer cise 
_ Hunger, headache, confusion, stupor 


Deep, labored breathing; breath has acetone eat 
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FIGURE 27.23 


An idealized oral glucose tolerance test in a person with reactive 
hypoglycemia. The blood glucose concentration falls below the 
normal range within 5 hours of glucose ingestion as a result of 
excessive insulin secretion. 


islets after a carbohydrate meal. This reactive hypoglycemia, 
caused by an exaggerated response of the beta cells to a rise 
in blood glucose, is most commonly seen in adults who are 
genetically predisposed to type I] diabetes mellitus. For this 
reason, people with reactive hypoglycemia must limit their 
intake of carbohydrates and eat small meals at frequent in- 
tervals, rather than two or three meals per day. 

The symptoms of reactive hypoglycemia include 
uemor, hunger, weakness, blurred vision, and impaired men- 
tal ability. The appearance of some of these symptoms, how- 
ever, does not necessarily indicate reactive hypoglycemia; 
moreover, a given level of blood glucose does not always 
produce these symptoms. To confirm the diagnosis of reac- 
tive hypoglycemia, a number of tests must be performed. In 
the glucose tolerance test, for example, reactive hypo- 
glycemia 1s shown when the inital rise in blood glucose pro- 
duced by the ingestion of a glucose solution triggers excessive 


insulin secretion, so that the blood glucose levels fall below 
normal within 5 hours (fig. 27.23). 
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Chapter oummary 


Nutritional Requirements (pp. 812-816) 


1. 


Vitamins and minerals serve as cofactors 

and coenzymes 

a. Vitamins are classified as fat-soluble 
(A, D, E, and K) or water-soluble. 

b. Many water-soluble vitamins are 
needed for the activity of the enzymes 
involved in cell respiration. 

Caloric intake must be sufficient to meet 

the energy expenditures of the body; 

excessive caloric intake results in obesity. 


Metabolism of Carbohydrates, Lipids, 
and Proteins 
(pp. 816-822) 


1. 


When blood glucose enters cells, it 

combines with a phosphate group and is 

then used in cell respiration or glycogen 
synthesis. 

Triglycerides can be hydrolyzed into free 

fatty acids and glycerol, which can serve 

as energy sources. 

a. Fatty acids are converted into 
molecules of acetyl CoA by the 
process of B-oxidation; these can then 
enter Krebs cycles and be used for 
energy. 

b. Glucose can be converted into fat 
through the process of lipogenesis; in 
this process, the intermediates of 
glycolysis can be used to produce 
molecules of fatty acid. 

Amino acids derived from the hydrolysis 

of proteins can be used for energy. 

a. Inthe process of oxidative 
deamination, the amine group of an 
amino acid is removed and 
incorporated into urea; the remainder 
of the amino acid becomes either 
pyruvic acid or a Krebs cycle 
intermediate. 

b. Inthe process of gluconeogenesis, an 
amino acid may be converted, through 
pyruvic acid, into glucose. 

In transamination, a new amino acid is 

produced by adding the amine group 

derived from a different amino acid to 
pyruvic acid or one of the Krebs cycle 
acids 


Regulation of Energy Metabolism 
(pp. 822-823) 


1. Circulating energy substrates, which can 


be used by body cells for cell respiration, 
may be obtained from either the energy 
reserves of fat, glycogen, and protein in 
the body or from the diet. 


. One must eat to obtain an adequate 


caloric intake that maintains the body's 

energy reserves and the optimum body 

weight. 

a. The amount of body fat influences 
endocrine secretion. 

b. The hypothalamus is involved in the 
regulation of eating behavior. 


. The metabolism of the body fluctuates as 


a result of being in either an absorptive 

State or in a postabsorptive state. 

a. When nutrients are being absorbed 
from the intestine, anabolism is 
favored as circulating energy 
substrates are used to form the energy 
reserves of triglyceride, glycogen, and 
protein. 

b. When one is in the postabsorptive, or 
fasting, state, catabolism is favored as 
energy reserve molecules are 
hydrolyzed to yield circulating energy 
substrates. 

c. Hormones regulate the anabolic and 
catabolic balance of metabolism. 


Energy Regulation by the Pancreatic 
Islets (pp. 823-828) 


1. Arise in blood glucose concentration, 


acting on the pancreatic islets, stimulates 
insulin secretion and inhibits glucagon 
secretion. 


_ During absorption of nutrients following a 


meal, insulin promotes the uptake of 
blood glucose into tissue cells and the 
conversion of that glucose into glycogen 
and fat. 


_ During periods of fasting, insulin 


secretion decreases and glucagon 

secretion increases. 

a. Glucagon stimulates glycogenolysis, 
gluconeogenesis, and ketogenesis, in 
the liver and lipolysis in adipose cells. 

b. These effects help to maintain 
adequate levels of blood glucose for 
the brain and provide alternate energy 
sources for other organs. 


Metabolic Regulation by Adrenal 
Hormones, Thyroxine, and Growth 
Hormone (pp. 828-833) 

4. The adrenal hormones involved in energy 
regulation include epinephrine from the 
adrenal medulla and glucocorticoids 
(mainly hydrocortisone) from the adrenal 
cortex. 

a. The effects of epinephrine are similar 
to those of glucagon. 

b. Glucocorticoids promote 
gluconeogenesis by stimulating the 
breakdown of muscle protein and the 
conversion of amino acids to glucose 
in the liver. 

2. Thyroxine stimulates the rate of cell 
respiration in almost all cells in the body. 
a. Thyroxine thus sets the basal 

metabolic rate (BMR), which is the 
rate at which energy is consumed by 
the body under resting conditions. 

b. Thyroxine also promotes protein 
synthesis which is necessary for 
proper growth and development, 
particularly of the central nervous 
system. 

3. The secretion of growth hormone is 
stimulated by a protein meal and by a fall 
in plasma glucose concentration during 
fasting. 

a. Growth hormone stimulates 
catabolism of lipids and inhibits 
glucose utilization. 

b. Growth hormone also promotes body 
growth through protein synthesis. 

c. The anabolic effects of growth 
hormone, including the stimulation of 
bone growth in childhood, are believed 
to be produced indirectly via 
somatomedins. 


Downloaded from Durr-e-Danish Library 


se eeeresaneessees 
be Nee eA LL LOO TCA CL TIT TTT eT Tei Y Teer eee eerroceerrTeerri rer eer eee ererrerirel errr rrr 


Review Activities 


Objective Questions 


Match the following processes with their 

definitions: 

lipogenesis 

lipolysis 

gluconeogenesis 

glycogenesis 

a. conversion of glycogen to glucose 

b. hydrolysis of fat 

C. production of glucose from amino 
acids 

d. conversion of glucose to fat 


Match the following states and events: 


5. absorption of a carbohydrate meal 
(absorptive state) 
6. fasting (postabsorptive state) 
a. rise in insulin; rise in glucagon 
b. fall in insulin; rise in glucagon 
C. rise in insulin; fall in glucagon 
d. fall in insulin; fall in glucagon 
Match the following hormones and effects: 
7. growth hormone 
8. thyroxine 
9. hydrocortisone 
a. increased protein synthesis; increased 
Cell respiration 
b. protein catabolism in muscles; 
gluconeogenesis in the liver 


hon 


10. 


11, 


12. 


13. 


14. 


C. protein synthesis in muscles; 
decreased glucose utilization 

d. fall in blood glucose concentrations; 
increased fat synthesis 

A lowering of blood glucose 

concentration 

a. decreases lipogenesis. 

b. increases lipolysis. 

Cc. increases glycogenolysis. 

d. all of the above apply. 

Glucose can be secreted into the blood by 

a. the liver. 

b. the muscles. 

c. the liver and muscles. 

d. the liver, muscles, and brain. 

The basal metabolic rate is determined 

primarily by 

a. hydrocortisone. 

b. insulin. 

c. growth hormone. 

d. thyroxine. 

Somatomedins are required for the 

anabolic effects of 

a. hydrocortisone. 

b. insulin. 

c. growth hormone. 

d. thyroxine. 

Which of the following hormones 

stimulates anabolism of proteins and 

catabolism of fat? 

a. growth hormone 

b. thyroxine 


c. insulin 
d. glucagon 
e. epinephrine 


15. Ketoacidosis in untreated diabetes 


mellitus is due to 

a. excessive fluid loss. 

b. hypoventilation. 

C. excessive eating and obesity. 
d. excessive fat catabolism. 


Essay Questions 


1. 


. Compare the metabolic effects of fasting 


Trace the metabolic pathways and 
describe the events by which starch ina 
chocolate cake can be converted into fat 
within adipose tissue. 

Define glycogenolysis and 
gluconeogenesis and describe the role of 
each in maintaining an adequate blood 
glucose level during prolonged exercise. 


to the state of uncontrolled type | diabetes 
mellitus and explain their hormonal 
similarities. 

Glucocorticoids stimulate the breakdown 
of protein in muscles but also stimulate 
the synthesis of protein in the liver. 
Discuss the significance of these 
differences. 

Describe how thyroxine affects cell 
respiration and explain why a hypothyroid 
person tends to gain weight and has a 
reduced tolerance to cold. 

Compare and contrast the metabolic 
effects of thyroxine and growth hormone. 
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* Discuss how genetic sex determines whether testes or 
ovaries form in the embryo and describe the 
composition and function of embryonic testes. 


¢ Describe the descent of the testes into the scrotum. 


PITTTTTTTT TTT 


ine " 1 ° Describe the hormonal interactions between the 
Endocrine Regulation of Reproduction G4 hypothalamus, anterior pituitary, and gonads. 
Interaction between the Hypothalamus, Pituitary 
Gland, and Gonads ° — = pres | that ee the a of 
The Onset of Puberty “ Be escribe the eve at occur during 
: Pineal Gland 
: ' © Locate the structures of the male reproductive system 
: Male Reproductive aystem B45 and describe the structure and function of the 
scrotum. 
Scrotum 


Describe the structure and function of the two 


Structure of the Testes 
‘ : compartments of the testes and discuss their 

: sewed — of the Testes hormonal regulation. 
: 4 ¢ Discuss the process of spermatogenesis and explain 
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A gene on the Y chromosome causes the embryonic gonads to 
differentiate into testes. Females lack a Y chromosome, and the absence 
of this gene results in the development of ovaries. The embryonic testes 
secrete testosterone, which triggers the development of male accessory 
sex organs and external genitalia. The absence of testes (rather than the 


presence of ovaries) in a female embryo causes the development of the 
female accessory sex organs. 


Introduction to t] 


The incredible complexity of structure and function in living 
organisms could not be produced in successive generations 
by chance; mechanisms must exist to transmit the genetic 
code from one generation to the next. This could be accom- 
plished by either asexual or sexual reproduction. But sexual 
reproduction, in which genes from two individuals are com- 
bined in random and novel ways with each new generation, 
offers the advantage of introducing great variability into a 
population. This variability of genetic constitution helps to 
ensure that some members of a population will survive 
changes in the environment over evolutionary time. 

In sexual reproduction, germ cells, or gametes (sperm 
and ova) are formed within the gonads (testes and ovaries) 
by a process of reduction division, or meiosts (chapter 3). 
During this rype of cell division, the normal number of chro- 
mosomes in most human cells—46—1s halved, so that each 
gamete receives 23 chromosomes. Fusion of a sperm cell 
(spermatozoon) and an egg cell (ovum) in the act of fertil- 
ization results in restoration of the original chromosome 
number of 46 in the fertilized egg (the zygote). Growth of 
the zygote into an adult member of the next generation oc- 
curs by means of mitotic cell divisions, as described in chap- 
ter 3. When this individual reaches puberty, mature sperm or 
ova will be formed by meiosis within the gonads so that the 
life cycle can be continued (fig. 28.1). 


Sex Determination 


Each zygote inherits 23 chromosomes from its mother and 23 
chromosomes from its father. This does not produce 46 dif- 
ferent chromosomes, but rather 23 pairs of homologous 
chromosomes. The members of a homologous pair, with the 
Important excepuon of the sex chromosomes, appear to be 
structurally identical and contain similar genes (such as 
those coding for eye color, height, and so on). Each cell that 
contains 46 chromosomes (that is, diploid) has two number 


, ymes, and so on 
1 chromosomes, two number 2 chromosome 


gamete Gk. gameta, husband or wife 
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FIGURE 28.1 


The human life cycle. Numbers in parentheses indicate haploid 
state (23 chromosomes) and diploid state (46 chromosomes). 


through pair number 22. The first 22 pairs of chromosomes 
are called autosomal (aw “td-so mal) chromosomes. 

The twenty-third pair of chromosomes are the sex 
chromosomes. A normal female has two X chromosomes, 
whereas a normal male has one X chromosome and one Y 
chromosome. The X and Y chromosomes look different and 
contain different genes. This is the exceptional pair of 
homologous chromosomes mentioned earlier. 

When a diploid cell (with 46 chromosomes) under- 
goes meiotic division, its daughter cells receive only one 
chromosome from each homologous pair of chromosomes. 
The gametes are therefore said to be haploid (they contain 
only half the number of chromosomes in the diploid par- 
ent cell). Each sperm cell, for example, will receive only 
one chromosome of homologous pair number 5—either the 
one originally contributed by the organism's mother, or the 
one originally contributed by the father. Which of the two 
chromosomes—maternal or paternal—ends up in a given 
sperm cell is completely random. This is also true for the 
sex chromosomes, so that approximately half of the sperm 
produced will contain an X and approximately half will 
contain a Y chromosome. 

The egg cells (ova) in a woman's ovary will receive a 
similar random assortment of maternal and paternal chro- 
mosomes. Since the body cells of females have two X chro- 
mosomes, however, all of the ova resulting from meiosis 
will normally contain one X chromosome. Because all ova 
contain one X chromosome, whereas some sperm are X 
bearing and others are Y bearing, the chromosomal sex of the 
zygote is determined by the fertilizing sperm cell. If a Y-bearing 
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spermatozoon fertilizes the ovum, the zygote will be XY and 
male; if an X-bearing spermatozoon fertilizes the ovum, the 
zygote will be XX and female. 


Formation of Testes and Ovaries) The gonads of males and 
females appear similar for the first 40 or so days of develop- 
ment following conception. During this time, cells that will 
give rise to sperm (spermatogonia) and cells that will give 
Tise to ova (oogonia) migrate from the yolk sac to the em- 
bryonic gonads. At this stage in development, the gonads 
have the potential to become either testes or ovaries. The 
hypothetical substance that promotes their conversion to 
testes has been called the testis-determining factor (TDF). 

Though it has long been recognized that male sex is 
determined by the presence of a Y chromosome and female 
sex by the absence of the Y chromosome (see fig. 28.2), the 
genes involved have only recently been located. In rare male 
babies with XX genotypes, one of the X chromosomes was 
found to contain a segment of the Y chromosome as a result 
of an error during the meiotic cell division that formed the 
sperm. Furthermore, rare female babies with XY genotypes 
were found to be missing that portion of the Y chromosome 
erroneously inserted into the X chromosome of XX males. 

Through these and other observations, it has been shown 
that the gene for the testis-determining factor is located on 
the short arm of the Y chromosome. Evidence suggests that it 
may be a particular gene known as SRY (for “sex-determining 
region of the Y") which is found in the Y chromosome of all 
mammals and is highly conserved, meaning that it shows little 
variation in structure over evolutionary time. 


Notice that it is normally the presence or absence of 
the Y chromosome that determines whether the 
embryo will have testes or ovaries. This point is well 
illustrated by two genetic abnormalities. In 
Khnefelter's syndrome, the affected person has 47 instead of 
46 chromosomes because of the presence of an extra X 
chromosome. This person, with an XXY genotype, develops 
testes despite the presence of two X chromosomes. Patients 
with Turner's syndrome, who have the genotype XO (and 
therefore have only 45 chromosomes) have poorly developed 
("streak") gonads. Klinefelter’s and Turner's syndromes are 
described more fully under “Clinical Considerations.” 


The structures that will eventually produce sperm 
within the testes—the seminiferous (sem “i-nif ‘er-us) 
tubules—appear very early in embryonic development— 
between 43 and 50 days after conception. Although sper- 
matogenesis begins during embryonic life, it is arrested until 
the onset of puberty. The tubules contain the cells that will 
eventually produce sperm, generically known as germinal 
cells, and nongerminal cells called sustentacular cells (also 
known as nurse cells, or Sertoli cells). The sustentacular 


spermatogonia: Gk. sperma, seed; gonos, procreation 
oogonia: Gk. o/on, egg; gonos, procreation 
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FIGURE 28.2 

The formation of the chromosomal sex of the embryo and the 
development of the gonads. The very early embryo has 
“indifferent gonads,” which can develop into either testes or 
ovaries. The testis-determining factor (TDF) is a gene located on 
the Y chromosome. In the absence of TDF, ovaries will develop. 


cells appear at about day forty-two. At about day sixty-five, 
the interstitial cells (cells of Leydig) appear in the embry- 
onic testes. These cells are located in the interstitial tissues, 
which are outside the seminiferous tubules and between ad- 
jacent convolutions of the tubules. The interstitial cells con- 
stitute the endocrine tissue of the testes. In contrast to the 
rapid development of the testes, the functional units of the 
ovaries—called the ovarian follicles—do not appear until 
the second trimester of pregnancy (at about day 105). 

The early appearing interstitial cells in the embryonic 
testes secrete large amounts of male sex hormones, or an- 
drogens. The major androgen secreted by these cells is 
testosterone (tes-tos ‘t @-rdn). Testosterone secretion begins 
as early as 9 to 10 weeks after conception, reaches a peak at 
12 to 14 weeks, and thereafter declines so that very low lev- 
els are being secreted by the end of the second trimester (at 
about 21 weeks). During embryonic development, testos- 
terone serves a very important function in males; similarly 
high levels of testosterone will not appear again in the life of 
the individual until the time of puberty. 


cells of Leydig. from Franz von Leydig, German anatomist, 1821-1908 
androgen. Gk. andros, male producing 
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Masculinization of the accessory sex organs occurs as a 
result of testosterone secreted by the embryonic testes. 
Testosterone itself, however, is not the active agent within 
these target organs. Once it has entered the target cells, the 
action of an enzyme called 5a@-reductase converts the testos- 
terone into the active hormone called dihydrotestosterone 
(DHT). DHT directly mediates the androgenic effect in the 


accessory sex organs (fig. 28.3). 


Descent of the lestes 


Developing on the outside surface of each testis is a fibro- 
muscular cord called the gubernaculum (goo “ber-nak ‘yit- 
lum) (fig. 1, p. 860) that attaches to the inferior portion of the 
tests and extends to the labioscrotal swelling of the same 
side. At the same time, a portion of the embryonic 
mesonephric duct (see the discussion of embryonic develop- 
ment later in this chapter) attaches itself to the testis, be- 
comes convoluted, and forms the epididymis. Another 
portion of the mesonephric duct becomes the ductus deterens. 

The external yenitalia of a male are completely formed 
by the end of the twelfth week. The descent of the testes 


Qubernaculum L. gubernaculum, helm 


from the site of development begins between the sixth and 
tenth week. Descent into the scrotal sac, however, does not 
occur until about week 28, when paired inguinal canals form 
in the abdominal wall to provide openings from the pelvic 
cavity to the scrotal sac. The process by which a testis 
descends is not well understood, but it seems to be associ- 
ated with the shortening and differential growth of the gu- 
bernaculum, which is attached to the testis and extends 
through the inguinal canal to the wall of the scrotum. As 
the testis descends, it passes to the side of the urinary blad- 
der and anterior to the symphysis pubis. It carries with it the 
ductus deferens, the testicular vessels and nerve, a portion of 
the internal abdominal oblique muscle, and lymph vessels. 
All of these structures remain attached to the testis and form 
what is known as the spermatic cord. By the time the testis 
has taken its position in the scrotal sac, the gubernaculum is 
no more than aremnant of scarlike tissue. 

The temperature of the testes in the scrotum is main- 
tained at about 35°C (95° F), or about 3.6° F below nor- 
mal body temperature. This lower temperature is needed for 
proper sperm production and storage, as illustrated by the 
fact that spermatogenesis does not occur in males with crypt- 
orchidism, the condition in which the testes fail to descend. 

During the physical examination of a neonatal male 
child, a physician will palpate the scrotum to determine if 
the testes are in position. If one or both are not in the scro- 
tal sac, it may be possible to induce descent by administer- 
ing certain hormones. If this procedure is not effective, 
surgery is generally performed hefore the age of 5. Failure 
to correct the situation may result in sterility and possibly 
the development of a testicular tumor. 


The functions of the testes and ovaries are regulated by gonadotropic 
hormones secreted by the pituitary gland. The gonadotropic hormones 
stimulate the gonads to secrete their sex steroid hormones, and these 
steroid hormones, m ven, have an mhibutory effect on the secretion of 
the gonadotropic hormones. This mteraction between the anterior 
pituitary and the gonads forms a negative feedback loop. 


During the first trimester of pregnancy the embryonic testes 
are active endocrine glands, secreting the high amounts of 
testosterone needed to masculinize the male embryo’s ex- 
ternal yenitalia and accessory sex organs. Ovaries, by con- 
trast, do not mature unul the third trimester of pregnancy. 
During the second trimester of pregnancy, testosterone se- 
cretion in the male declines, so that the gonads of both sexes 
are relatively inactive at the time of birth. 
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Before puberty, there are equal blood concentrations 
of sex steroids—androgens and estrogens—in both males and 
females. Apparently, this is not due to deficiencies in the 
ability of the gonads to produce these hormones, but rather 
to lack of sufficient stimulation. During puberty, the gonads 
secrete increased amounts of sex steroid hormones as a result 
of increased stimulation by gonadotropic hormones from 
the anterior pituitary. 


/nteraction between the Hypothalamus, 
Pituitary bland, and Gonads 


The anterior pituitary (adenohypophysis) produces and 
secretes two gonadotropic hormones—FSH (follicle- 
stimulating hormone) and LH (luteinizing hormone). Al- 
though these two hormones are named according to their 
actions in the female, the same hormones are secreted by 
the male's pituitary gland. The gonadotropic hormones of 
both sexes have three primary effects on the gonads: 
(1) stimulation of spermatogenesis or oogenesis (formation 
of sperm or ova); (2) stimulation of gonadal hormone se- 
cretion; and (3) maintenance of the structure of the gonads 
(the gonads atrophy if the pituitary gland is removed). 

The secretion of both LH and FSH from the anterior 
pituitary is stimulated by a hormone produced by the hypo- 
thalamus and secreted into the hypothalamo-hypophyseal 
portal vessels (see chapter 19). This releasing hormone is 
sometimes called LHRH (luteinizing hormone-releasing hor- 
mone). Since attempts to find a separate FSH-releasing hor- 
mone have thus far failed, and since LHRH stimulates 
FSH as well as LH secretion, LHRH is often referred 
to as gonadotropin-releasing hormone (and accordingly 
abbreviated GnRH). 

If a male or female animal is castrated (has its gonads 
surgically removed), the secretion of FSH and LH will in- 
crease to much higher levels than those measured in the in- 
tact animal. This demonstrates that the gonads secrete 
products that produce a negative feedback inhibition of go- 
nadotropin secretion. This negative feedback is exerted in 
large part by sex steroids—estrogens and progesterone in the 
female and testosterone in the male. 

The negative feedback effects of steroid hormones are 
believed to occur by means of two mechanisms: (1) inhibi- 
tion of GnRH secretion from the hypothalamus, and (2) in- 
hibition of the pituitary gland’s response to a given amount 
of GnRH. In addition to steroid hormones, the testes and 
ovaries secrete a polypeptide hormone called inhibin. In- 
hibin is secreted by the sustentacular cells of the seminifer- 
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FIGURE 28.4 

Interactions between the hypothalamus, anterior pituitary, and 
gonads. Sex steroids secreted by the gonads have a negative 
feedback effect on the secretion of GnRH (gonadotropin-releasing 
hormone) and on the secretion of gonadotropins. The gonads 
may also secrete a polypeptide hormone called inhibin that 
exerts negative feedback contro! of FSH secretion. 


ous tubules in males and by the granulosa cells of the ovar- 
ian fallicles in females. This hormone specifically inhibits 
the anterior pituitary’s secretion of FSH, without affecting 
the secretion of LH. 

Figure 28.4 illustrates the process of gonadal regula- 
tion. Although hypothalamus-pituitary-gonad interactions 
are similar in males and females, there are important 
differences. Secretion of gonadotropins and sex steroids 
is more or less constant in adult males. Secretion of 
gonadotropins and sex steroids in adult females, by con- 
trast, is characterized by cyclic variations (during the 
menstrual cycle). 

Studies have shown that secretion of GnRH from the 
hypothalamus is pulsatile rather than continuous, and thus 
the secretion of FSH and LH follows this pulsatile pattern. 
These pulsatile patterns of secretion are required to prevent 
desensitization and down-regulation of the target glands 
(discussed in chapter 19). It appears that the frequency of 
the pulses of secretion, as well as their amplitude (how much 
hormone is secreted per pulse), affects the target glands’ re- 
sponse to the hormone. 


_ It a powerful synthetic analogue of GnRH (such as 
\ nafarelin) is administered, the anterior pituitary first 

increases and then decreases its secretion of FSH and 

LH. This decrease is contrar 

stimulatory action of GnRH, and is due to a desensitization of 

the anterior pituitary evoked by continuou 

GnRH. The decrease in LH causes ade 

secretion from the testes, o 


J 
Y to the normal 


5 exposure to 
cline in testosterone 

t of estradiol secretion {rom the 
ovaries. The decreased testosterone secretion is useful in the 


treatment of men who have benign prostatic hypertrophy. In 
this condition, common in older men, testosterone supports 
abnormal growth of the prostate. The fallin estradiol 
secretion In women given synthetic GnRH analogues can be 
useful in the treatment of endometriosis. In this condition, 
ectopic endometrial tissue from the uterus (dependent on 
estradiol for growth) is found growing outside the uterus—for 
example, on the ovaries or on the peritoneum. These 
treatments, which illustrate why GnRH and the gonadotropins 
are normally secreted in a pulsatile fashion, are particularly 
beneficial clinically because their effects are reversible. 


The Onset of Puberty 


Secretion of FSH and LH is high in the newborn but falls to 
very low levels a few weeks after birth. Gonadotropin secre- 
tion remains low until the beginning of puberty, which is 
marked by rising levels of FSH secretion followed hy LH se- 
cretion. Experimental evidence suggests that this rise in go- 
nadotropin secretion is a result of two processes: (1) 
maturational changes in the brain that result in increased 
GnRH secretion by the hypothalamus and (2) decreased sen- 
sitivity of gonadotropin secretion to the negative feedback 
effects of sex steroid hormones. 


is ten oe ee bl ee a 


—— 


The maturation of the hypothalamus or other regions 
of the brain that leads to increased GnRH secretion at the 
time of puberty appears to be programmed—children with- 
out gonads show increased FSH secretion at the normal time. 
Also during this period of time, a given amount of sex 
steroids has less of a suppressive effect on gonadotropin se- 
cretion than the same dose would have if administered prior 
to puberty. This suggests that the sensitivity of the hypo- 
thalamus and the pituitary gland to negative feedback ef- 
fects decreases at puberty, which would also help to account 
for rising gonadotropin secretion at this rime. 

During late puberty, there is a pulsatile secretion of go- 
nadotropins—FSH and LH secretion increase during peri- 
ods of sleep and decrease during periods of wakefulness. 
These pulses of increased gonadotropin secretion during pu- 
berty stimulate a rise in sex steroid secretion trom the go- 
nads. Increased secretion of testosterone from the testes and 
of estradiol-17$ (estradiol is the major estrogen, or female 
sex steroid) from the ovaries during puberty, in turn, pro- 
duces changes in body appearance characteristic of the two 
sexes. Such secondary sex characteristics (tables 28.1 and 
28.2) are the physical manifestations of the hormonal 
changes occurring during puberty. These changes are ac- 
companied by a growth spurt that begins at an earlier age 
in females than in males (fig. 28.5). 

The age at which puberty begins is related to the 
amount of body fat and level of physical activity of the in- 
dividual child. The average age of menarche—the first men- 
strual flow—is later (age 15) in girls who are very active 
physically than in the general population (age 12.6). 


— — 


Table 0. | Develennent of secondary sex characteristics 


and other changes that occur during puberty in girls 
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Characteristic 


Hormona! stimulation 


Age of first appearance 
Growth of testes 10-14 Testosterone, FSH, growth hormone 
Pubic hair 10-15 Testosterone z 
_ Body growth 11-16 Testosterone, growth hormone a 
_ Growth of penis 11-15 Testosterone 
_ Growth of larynx (voice lowers) Same time as growth of penis Testosterone 


About 2 years after the appearance 


10 


Females / \ 


Height gain (cm per year) 


10 12 14 16 18 
Age (years) 


FIGURE 28.5 


Growth in height of females and males as a function of age. 
Notice that the growth spurt during puberty occurs atan earlier 
age in females than in males. 


Apparently, a minimum percentage of body fat is required 
for menstruation to begin, which may represent a mecha- 
nism favored by natural selection for the ability to success- 
fully complete a pregnancy and nurse the baby. Later in life, 
women who are very lean and physically active may have 
irregular cycles and amenurthea (cessation of menstruation). 
This may also be related to the percentage of body fat. In 
addition, there 1s evidence that physical exercise may, 
through activation of neural pathways involving endorphin 
neurotransmitters (chapter 14), act to inhibit GnRH and 
gonadotropin secretion, 


© 
Downloaded from Durr-e-Danish Library 


Testosterone 


Tryptophane 
(an amino acid) 


Serotonin 
(a biogenic amine) 


Melatonin 
(a pineal gland hormone) 


FIGURE 28.6 


A simplified biosynthetic pathway for the pineal gland hormone 
melatonin. 


Pineal bland 


The role of the pineal gland in human physiology is poorly 
understood. It is known that this gland, located deep within 
the brain, secretes the hormone melatonin as a derivative of 
the amino acid tryptophane (fig. 28.6) and that production of 
this hormone ts influenced by light/dark cycles. 

The pineal glands of some vertebrates have photore- 
ceptors that are directly sensitive to environmental light. 
Although no such photoreceptors are present in the pineal 
glands of mammals, the secretion of melatonin has been 


shown to increase at night and decrease during daylight. 
The inhibitory effect of light on melatonin secretion in 
mammals is indirect. As described in chapter 19, pineal se- 


cretion is stimulated by postganglionic sympathetic neurons 


that originate in the superior cervical ganglion; activity of 
these neurons, in turn, is inhibited by nerve tracts that are 
activated by light striking the retina. 

There is abundant experimental evidence that mela- 
tonin can inhibit gonadotropin secretion in rats, and thus 
exert an “anti-gonad” effect. In other experimental ani- 
mals (such as sheep), however, melatonin can stimulate 
the reproductive system. That melatonin plays a role in 
the regulation of human reproduction has long been sus- 
pected but, because of conflicting and inconclusive data, 
has not as yet been established. 


The mterstitial cells of the testes are stimulated by LH to secrete 
testosterone—a potent androgen that acts to maintain the structure 
and function of the male accessory sex organs and to promote the 
development of male secondary sex characteristics. The sustentacular 
(Sertoli) cells in the seminiferous tubules of the testes are stimulated 
by FSH. This action is needed to initiate the production of sperm and 
stimulates the sustentacular cells to secrete various products, 


including inhibin. Spermatogenesis requires the cooperative actions 
of both FSH and testosterone. 


The structures of the male reproductive system are illus- 
trated in figure 28.7. These include the primary sex organs 
of the male—the testes—and a number of secondary sex or- 
gans. In this section, we will describe the structure, func- 
tion, and regulation of the testes. The secondary sex organs 
are covered in the next section. 


Scrotum 


The saclike scrotum is suspended immediately behind the 
base of the penis, anterior to the anal opening, in a region 
known as the perineum (per “I-ne ‘um). The functions of the 
scrotum are to support and protect the testes and to regu- 
late their position relative to the pelvic region of the body. 
The dartos (dar‘tos) muscle consists of a layer of smooth 
muscle fibers in the subcutaneous tissue of the scrotum, and 
the cremaster (kre-mas ‘ter) muscle is a thin strand of skele- 
tal muscle associated with the spermatic cord. Both muscles 
involuntarily contract in response to cold temperatures to 
move the testes closer to the heat of the body in the pelvic 
region. The cremaster muscle ts a continuation of the in- 
ternal abdominal oblique muscle and is derived as the testes 


dartos: Gk. dartos, skinned or flayed 
cremaster: Gk. cremaster, a Suspender, to hang 


descend into the scrotum. Warm temperatures cause the dar- 
tos and cremaster muscles to relax and lower the testes away 
from the body cavity; cold temperatures cause these mus- 
cles to contract and elevate the testes. These responses help 
to maintain the proper temperature required by the testes 
for spermatogenesis, as previously described. 

The scrotum is subdivided into two longitudinal com- 
partments by a fibrous scrotal septum. The site of the scro- 
tal septum is apparent on the surface of the scrotum along a 
median longitudinal ridge called the scrotal raphe (ra fe). 
The purpose of the scrotal septum is to compartmentalize 
each testis so that trauma or infection in one will not affect 
the other. Another protective feature is that the left testis is 
generally suspended lower than the right so that the two are 
less likely to be compressed forcefully together. 

Although uncommon, male infertility may result from 
an excessively high temperature of the testes over an ex- 
tended period of time. Tight clothing that keeps the testes 
close to the body or frequent hot baths or saunas may de- 
stroy sperm to the extent that a sperm count of discharged 
semen will be below that necessary to enable fertilization. 


Structure of the Testes 


The testes are paired organs about 4 cm (1.5 in.) long and 
2.5 cm (1 in.) in diameter. Each testis weighs between 10 
and 14 g. Two tissue layers, or tunicas, cover the testis. The 
outer tunica vaginalis is a thin serous sac derived from the 
peritoneum during the descent of the testis. The tunica al- 
buginea (al “byoo-jine-) is a tough fibrous membrane that 
directly encapsules the testis (fig. 28.8). Fibrous inward ex- 
tensions of the tunica albuginea partition the testis into 250 
to 300 wedge-shaped lobules. 

Each lobule of the testis contains one_to three tightly 
convoluted seminiferous tubules that may exceed 70 cm 
(28 in.) in length if uncoiled. It is in the seminiferous tubules 
that spermatogenesis occurs. Sperm are produced at the rate 
of thousands per second—more than 100 million per day— 
throughout the life of a healthy, sexually mature male. 

Various stages of spermatogenesis can be observed in 
a histological section of seminiferous tubules (fig. 28.9). The 
germinal cells, called spermatogonia (sper-mat “@-go ‘ne-a), 
are in contact with the basement membrane. Spermatogonia 
undergo meiosis to produce, in order of advancing maturity, 
the primary spermatocytes, secondary spermatocytes, and 
spermatids (see fig. 28.12). Forming the walls of the semi- 
niferous tubules are sustentacular (Sertoli) cells, which are 
sometimes referred to as nurse cells. The sustentacular cells 


Deemer eer eea scence eeeeesseeeeensees 
septum L. septum, a partition 

raphe Gk. raphe, a seam 

tunica: L. tunica, a coat 

vaginalis’ L. vagina, a sheath 

albuginea L. a/bus, white 

Sertoli cells: from Enrico Sertoli, Italian histologist, 1842-1910 
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Organs of the male reproductive system. (a) A sagittal view and 
(b) a posterior view. 
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A diagrammatic representation of 
seminiferous tubules. (a) A 
sagittal section of a testis and (b) a 
transverse section of a 
seminiferous tubule. 
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are critically important to the developing spermatozoa that 
are embedded between them. The spermatozoa are formed, 
but not tully matured, by the time they reach the lumina of 
the seminiferous tubules. 

Between the seminiferous tubules are specialized en- 
docrine cells called interstitial cells (cells of Leydig). The 
function of these cells is to produce and secrete the male 
sex hormones. The testes are considered mixed exocrine and 
endocrine glands because they produce both sperm and an- 
drogens. 

Once the sperm have been produced, they move 
through the seminiferous tubules and enter a tubular net- 
work called the rete (re ‘te) testis for further maturation. 
Cilia are located on some of the cells of the rete testis, pre- 
sumably for moving sperm. The sperm are transported out 
of the testis and into the epididymis through a series of 
efferent ductules. 


= The primary cause of male infertility is a condition 
called varicocele (var'I-ko-sé!). Varicocele occurs 
when one or both of the testicular veins draining 
from the testes becomes swollen, resulting in poor 
vascular circulation in the testes. A varicocele generally 
occurs on the left side, because the left spermatic vein drains 
into the renal] vein, where the blood pressure is higher than 
it is in the inferior vena cava, into which the right testicular 
vein empties. 


Endocrine Functions of the Testes 


With regard to gonadotropin action, the testes are strictly 
compartmentalized. Cellular receptor proteins for FSH are 
located exclusively in the seminiferous tubules, where they 
are confined to the sustentacular cells. LH receptor proteins 
are located exclusively in the interstitial cells. Secretion of 
testosterone by the interstitial cells is stimulated by LH but 
not by FSH. Spermatogenesis in the tubules is stimulated 


by FSH. 


Control of Gonadotropin Secretion As mentioned earlier 
in the chapter, castration of a male animal results in an im- 
mediate rise in FSH and LH secretion. This demonstrates 
that hormones secreted by the testes effect a negative feed- 
back inhibition of gonadotropin secretion. If testosterone is 
injected into the castrated animal, the secretion of LH can 
be returned to the previous (precastration) levels. This pro- 
vides a classical example of negative feedback—LH stimu- 
lates testosterone secretion by the interstitital cells and 
testosterone inhibits pituitary secretion of LH (fig. 28.10). 
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FIGURE 28.10 

Negative feedback relationships between the anterior pituitary 
and testes. The seminiferous tubules are the targets of FSH action; 
the interstitial (Leydig) cells are targets of LH action. Testosterone 
secreted by the interstitial cells inhibits LH secretion; inhibin 
secreted by the tubules may inhibit FSH secretion. 


The amount of testosterone that will inhibit LH se- 
cretion however, is not sufficient to suppress the postcas- 
tration rise in FSH secretion that occurs in most 
experimental animals. In rams and bulls, a water-soluble 
(and, therefore, a peptide rather than a steroid) product of 
the seminiferous tubules has been found to specifically sup- 
press FSH secretion. This hormone, produced by the sus- 
tentacular cells, is called inhibin. There is now good 
evidence that the seminiferous tubules of the human testes 
also produce inhibin. 


Secretion and Actions of Testosterone Testosterone is by 
far the most important androgen secreted by the adult testis. 
This hormone and its derivatives are responsible for initi- 
ating and maintaining the body changes associated with 
puberty in males. Androgens are sometimes called anabolic 
steroids because they stimulate the growth of muscles and 
other structures (table 28.3). Increased testosterone secre- 
tion during puberty is also required for growth of the ac- 
cessory sex organs—primarily the seminal vesicles and 
prostate. Removal of androgens by castration results in at- 
rophy of these organs. 

Androgens stimulate growth of the larynx (causing 
a lowering of the voice), hemoglobin synthesis (so that 
males have higher hemoglobin levels than females), and 
hone growth. The etfect of androgens on bone growth 1s 
self-limiting, however, because androgens ultimately cause 
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conversion of cartilage to bone in the epiphyseal plates, 
thus “sealing” the plates and preventing further lengthen- 
ing of the bones (as described in chapter 8). 

The negative feedback effects of testosterone and in- 
hibin help to maintain a constant secretion of gonadotropins 
in males, resulting in relatively constant levels of androgen 
secretion from the testes. This contrasts with the cyclic se- 
cretion of gonadotropins and ovarian steroids in females. 
Women experience an abrupt cessation in sex steroid secre- 
tion during menopause (as described in chapter 29). By con- 
trast, the secretion of androgens declines only gradually and 
to varying degrees in men over 50 years of age. The causes 
of this age-related change in testicular function are not 
currently known 


Hormonal Interactions within the Testis Although andro- 
gens are by far the major secretory product of the testes, the 
testes do produce and secrete small amounts of estradiol. There 
is evidence that both the sustentacular cells of the tubules 
and the interstitial cells can produce estradiol, although estra- 
diol receptors in the testes appear to be located only in the 
interstitial cells. Experiments suggest that when LH is pres- 
ent in high amounts and is not secreted in a pulsatile fash- 
ion, the desensitization and down-regulation of interstitial 
cell function that results may be partly mediated by estradiol. 

The two compartments of the testes interact with each 
other in an autocrine fashion (fig. 28.11). Autocrine regula- 
tion, as described in chapter 19, refers to chemical regulation 
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that occurs within an organ. Testosterone 
from the interstitial cells is metabolized 
by the tubules into other active androgens 
and is required for spermatogenesis. The 
tubules also secrete products that could 
influence interstitial cell function. 

Recent evidence suggests that in- 
hibin secreted by the sustentacular cells 
in response to FSH can facilitate the in- 
terstitial cells’ response to LH, as mea- 
sured by the amount of testosterone 
secreted. Further, it has recently been 
shown that the interstitial cells are ca- 
pable of producing a family of polypep- 
tides previously associated only with the 
pituitary gland—ACTH, MSH, and B- 
endorphin. Experiments suggest that 
ACTH and MSH can stimulate susten- 
tacular cell function, whereas B-endorphin 
can exert an inhibitory effect. The physi- 
ological significance of these fascinating 
autocrine interactions between the two 
compartments of the testes remains to 
be demonstrated. 


dpermatogenesis 


The germ cells that migrate from the yolk sac to the testes 
during early embryonic development become “stem cells,” 
or spermatogonia within the outer region of the seminiferous 
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FIGURE 28.11 

Interactions between the two compartments of the testes. 
Testosterone secreted by the interstitial cells stimulates 
spermatogenesis in the tubules. Interstitial cells may also secrete 
ACTH, MSH, and -endorphin. Secretion of inhibin by the tubules 
may affect the sensitivity of the interstitial cells to LH stimulation, 
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tubules. Spermatogonia are diploid cells (with 46 chromo- 
somes) that ultimately give rise to mature haploid gametes 
by a process of cell division called meiosis. 

As described in chapter 3, meiosis, or reduction divi- 
sion, occurs in two parts. In the first part of this process, the 
DNA duplicates and homologous chromosomes are sepa- 
rated into two daughter cells. Since each daughter cell con- 
tains only one of each homologous pair of chromosomes, 
the cells formed at the end of this first meiotic division con- 
tain 23 chromosomes each and are haploid. Each of the 23 
chromosomes at this stage, however, consists of two strands 
(called chromatids) of identical DNA. During the second 
meiotic division, these duplicate chromatids are separated 
into daughter cells. Meiosis of one diploid spermatogonia 
cell theretore produces four haploid cells. 

Actually, only about 1000 to_2000 stem cells migrate 
from the yolk sac into the embryonic testes. In order to pro- 
duce many millions of sperm throughout adult life, these 
spermatogonia cells duplicate themselves by mitotic divi- 
sion, and only one of the two cells—now called a primary 
spermatocyte—undergoes meiotic division (fig. 28.12). In 
this way, spermatogenesis can occur continuously without 
exhausting the number of spermatogonia. 

When a diploid primary spermatocyte completes the 
first meiotic division (at telophase 1), the two haploid cells 
thus produced are called secondary spermatocytes. At the 
end of the second meiotic division, each of the two sec- 
ondary spermatocytes produce two haploid spermatids. One 
primary spermatocyte therefore produces four spermatids. 

The sequence of events in spermatogenesis is reflected 
in the cellular arrangement of the wall of the seminiferous 
tubule. The epithelial wall of the tubule—called the germi- 
nal epithelium—is indeed composed of germ cells in differ- 
ent stages of spermatogenesis. The spermatogonia and 
primary spermatocytes are located toward the outer side of 
the tubule, whereas spermatids and mature spermatozoa are 
located on the side of the tubule facing the lumen. 

At the end of the second meiotic division, the four 
spermatids produced by meiosis of one primary spermato- 
cyte are interconnected—their cytoplasm does not com- 
pletely pinch off at the end of each division. Development of 
these interconnected spermatids into separate, mature sper- 
matozoa (a process called spermiogenesis) requires the par- 
ticipation of another type of cell in the tubules, the 
sustentacular cells (fig. 28.13). 


Sustentacular Cells The sustentacular (Sertoli) cells (also 
called nurse cells) are the only nongerminal cell type in the 
seminiferous tubules. They form a continuous layer, con- 
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FIGURE 28.12 


Spermatogonia undergo mitotic division to replace themselves 
and produce a daughter cell that will undergo meiotic division. 
This cell is called a primary spermatocyte. Upon completion of 
the first meiotic division, the daughter cells are called secondary 
spermatocytes. Each of these completes a second meiotic division 
to form spermatids. Notice that the four spermatids produced by 


the meiosis of a primary spermatocyte are interconnected. Each 
spermatid forms a mature spermatozoan. 


FIGURE 28.13 


Semuniferous tubules. (a) A transverse section with 
surrounding interstitial tissue and (b) the stages of 


spermatogenesis within the germinal epithelium of 
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nected by tight junctions, around the circumference of 
each tubule. This arrangement of the sustentacular cells 
creates a blood-testis barrier because molecules from the 
blood must pass through the cytoplasm of these cells be- 
fore entering germinal cells. Furthermore, this barrier nor- 
mally prevents the immune system from becoming 
sensitized to antigens in the developing sperm, and thus 
prevents autoimmune destruction of the sperm. The cyto- 
plasm of the sustentacular cells extends through the width 
of the tubule and envelops the developing germ cells, so 
that it is often difficult to tell where the cytoplasm of the 
sustenracular cells and that of germ cells is separated. 

In the process of spermiogenesis (conversion of sper- 
matids to spermatozoa), most of the spermatid cytoplasm is 
eliminated. This occurs through phagocytosis by sustentacular 
cells of the “residual bodies” of cytoplasm from the spermatids 
(fig. 28.14). Many believe that phagocytosis of residual bod- 
ies may transmit informational molecules from germ cells to 
sustentacular cells. The sustentacular cells, in turn, may pro- 
vide many molecules needed by the germ cells. It is known, 
for example, that the X chromosome of germ cells is inac- 
tive during meiosis. Since this chromosome contains genes 
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needed to produce many essential molecules, it is believed 
that these molecules are provided by the sustentacular cells 
while meiosis is taking place. 

Sustentacular cells produce a protein called androgen 
binding protein (ABP) into the lumen of the seminiferous 
tubules. ABP serves to concentrate testosterone within the 
tubules. The importance of sustentacular cells in tubular 
function is further evidenced by the fact that FSH recep- 
tors are confined to these cells. The effects of FSH on the 
tubules, therefore, must be mediated through the action 
of sustentacular cells. These effects include the FSH- 
induced stimulation of spermiogenesis and the autocrine 
interactions between sustentacular cells and interstitial 
cells previously described. 


Hormonal Control of Spermatogenesis The very begin- 
ning of spermatogenesis—the formation of primary sper- 
matocytes and entry into early prophase 1—is apparently 
somewhat independent of hormonal control and, in fact, is 
initiated during embryonic development. Spermatogene- 
sis is arrested at this stage, however, until puberty, when 
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(0) FIGURE 28.14 


Processing of spermatids into spermatozoa (spermiogenesis). As 
the spermatids develop into spermatozoa, most of their cytoplasm 
is pinched off as residual bodies and ingested by the surrounding 


sustentacular (Sertoli) cell cytoplasm. 


testosterone secretion rises. Testos- 
terone is required for the comple- 
tion of meiotic division and for the 
early stages of spermatid maturation. 
These stages of spermatogenesis 
probably do not result from the di- 
rect action of testosterone, but 
rather from the action of some of 
the molecules derived from testos- 
terone in the tubules. 

The later stages of spermatid 
maturation during puberty appear to 
require stimulation by FSH (fig. 
28.15). This FSH effect is mediated 
by the sustentacular cells, as previ- 
ously described. During puberty, there- 
fore, both FSH and androgens are 
needed for the initiation of spermato- 
genesis. By contrast, within the adult 
testis it appears that spermatogenesis 
can be maintained by androgens 
alone, in the absence of FSH. In other 
words, FSH apparently 1s needed to 
Initiate spermatogenesis ae puberty, 
but it may no longer be required once 
spermatogenesis has begun. 
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The endocrine contro! of spermatogenesis. During puberty both testosterone and FSH are 
required to iniuate spermatogenesis. In the adult, however, testosterone alone can maintain 
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A human spermatozoon. (a) A diagrammatic representation and 
(b) a scanning electron micrograph of a spermatozoan in contact 
with an egg 


“a Men who have had a hypophysectomy (surgical 
removal of the pituitary gland) experience a cessation 
of spermatogenesis. Spermatogenesis is restored in 
these patients by injections of FSH and hCG (human 

chorionic gonadotropin, a hormone of the placenta discussed 
in chapter 30). The hCG has the same biological activity as 
LH. In this case, it acts like LH to stimulate the interstitial cells 
to secrete testosterone, which is needed along with FSH to 
initiate sperm production. After spermatogenesis has been 
restored. itcan be maintained in hypophysectomized patients 


with hCG injections alone, demonstrating that testosterone 
can maintain spermatogenesis. 

Structure of Spermatozoa At the conclusion of spermio- 
genesis, spermatozoa are released into the lumina of the 
seminiferous tubules. A mature sperm cell, or spermatozoon, 
Isa microscopic, tadpole-shaped structure about 0.06 mm 
long (fig. 28.16). It consists of an oval-shaped head and an 
elongated flagellum. The head of a sperm cell contains a nu- 
cleus with 23 chromosomes. The up of the head, called 
the acrusume, contains enzymes that help the sperm cell to 
penetrate the ovum. The flagellum contains numerous Mm 
tochondria spiraled around a filamentous core. The mito- 
chondria provide the energy necessary for locomotion. The 
flagellum propels the sperm with a lashing movement. The 
maximum unassisted rate of sperm movement ts about 3 


mm per hour. 
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The life expectancy of ejaculated sperm is between 48 
and 72 hours at body temperature. Many of the 
ejaculated sperm, however, are defective and are of 
no value. It is not uncommon for sperm to have 
enlarged heads, dwarfed and misshapen heads, two flagella, 
or a flagellum that is bent. Sperm such as these are unable to 
propel themselves adequately. 
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The spermauc ducts store spermatozoa and transport them from the 
testes to the urethra. The accessory reproductive glands provide 


additives to the semen, W hich is discharged from the erect penis during 
ejaculation 


gpermatic Ducts 


The male duct system, which stores and transports sperma- 
tozoa from the testes to the urethra, includes the epi- 
didymides, the ductus deferentia, and the ejaculatory ducts. 


Epididymis = The epididymis (ep “I-did 1-mis)—in the plural, 
epididymides—is a long, flattened organ attached to the pos: 
terior surtace of the testis (see fiys. 28.7 and 28.8). The tubu- 
lar portion of the epididymis ws highly coiled and contains 
millions of sperm in their final stages of maturation (fig. 
28.17). Inas estimated that a the epididymis were uncotled, 
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FIGURE 28.17 


A photomicrograph of the epididymis showing sperm in the 
lumina (50x). 


it would measure 5 to 6 m (about 17 ft). The upper, ex- 
panded portion of the epididymis is the head, the tapering 
middle section ts the body, and the lower portion is the tail. 
The tail of the epididymis ts continuous with the ductus def- 
erens. The time required to produce mature sperm—from 
meiosis in the seminiferous tubules to storage of motile sperm 
in the ductus deferens—is approximately 2 months. 


Ductus Deferens The ductus deferens (duk ‘tus def‘er- 
enz)—in the plural, ductus deferenta—is a fibromuscular tube 
about 45 cm (18 in.) long and 2.5 mm thick (see fig. 28.7) 
that conveys sperm from the epididymis to the ejaculatory 
duct. The ductus deferens originates where the tail of the 
epididymis becomes less convoluted and ts no longer attached 
to the testis. This first portion of the ductus deferens is im- 
portant for the storage of sperm. The ductus deferens exits 
the scrotum as it ascends along the posterior border of the 
testis. From here, it penetrates the inguinal canal, enters the 
pelvic cavity, and passes to the side of the urinary bladder 
medial to the ureter. The ampulla of the ductus deferens is 
the terminal portion that joins the ejaculatory duct. 

The histological structure of the ductus deferens in- 
cludes a layer of pseudostratified ciliated columnar epithe- 
lium in contact with the tubular lumen and surrounded by 
three layers of tightly packed smooth muscle (fig. 28.18). 
Sympatheric nerves trom the pelvic plexus serve the ductus 
deferens. Stimulation through these nerves causes peristaltic 
contractions of the muscular layer, which forcefully ejects 
the stored sperm toward the ejaculatory duce. 

Much of the ductus deferens ts located within a struc- 
ture known as the spermatic cord (sce fig. 28.22). The sper- 
matic cord extends from the testis to the inguinal ring and 
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FIGURE 28.18 
A photomicrograph of the ductus deferens (250x). 


consists of the ductus deferens, spermatic vessels, nerves, cre- 
master muscle, lymph vessels, and connective tissue. The 
portion of the spermatic cord positioned anterior to the pubic 
bone can be palpated as it is compressed between the skin 
and the bone. 


Ejaculatory Duct § The ejaculatory duct is 2 cm (0.8 in.) 
long and is formed by the union of the ampulla of the ductus 
deferens and the duct of the seminal vesicle. The ejacula- 
tory duct then pierces the capsule of the prostate on its pos- 
terior surface and continues through this gland (see fig. 
28.7). Both ejaculatory ducts receive secretions from the 
seminal vesicles and prostate and then eject the sperm with 
its additives into the prostatic urethra. 


Accessory blands 


Accessory reproductive glands include the seminal vesicles, 
the prostare, and the bulbourethral glands (see fig. 28.7). 
The contents of the seminal vesicles and the prostate are 
mixed with the sperm during ejaculation to form semen (sem- 


inal fluid). 


Seminal Vesicles The seminal vesicles, which are con- 
voluted, club-shaped glands about 5 em (2 in.) long, are po- 
sitioned immediately posterior to and at the base of the 
urinary bladder. They secrete a sticky, slightly alkaline, yel- 
lowish substance that serves to enhance sperm movement 
and longevity. The secretion from the seminal vesicles con- 
tains a variety of nutrients, including fructose. a monosac- 
charide that provides sperm with an energy source. It also 
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FIGURE 28.19 


The histology of the seminal vesicle. 


contains citric acid, coagulation proteins, and prostaglandins. 
The discharge from the seminal vesicles makes up about 
60% of the volume of semen. 

Histologically, the seminal vesicle looks like a mass of 
cuts embedded in connective tissue (fig. 28.19). The ex- 
tensively coiled mucosal layer breaks the lumen into nu- 
merous intercommunicating spaces that are lined by 
pseudostratified columnar and cuboidal secretory epithelia 
(referred to as glandular epithelium). Sympathetic stimula- 
tion causes the contents of the seminal vesicles to empty 
into the ejaculatory ducts of their respective sides. 


Prostate § The firm prostate (pros ‘tat) is the size and shape of 
a horse chestnut. It is about 4 cm (1.6 in.) across and 3 cm 
(1.2 in.) thick and is positioned immediately below the urinary 
bladder surrounding the beginning portion of the urethra (see 
fig. 28.7). It is enclosed by a fibrous capsule and divided into 
lobules formed by the urethra and the ejaculatory ducts ex- 
tending through the gland. Twenty to 30 small prostatic ducts 
from the lobules open into the urethra. Extensive bands of 
smooth muscular tissue course throughout the prostate to form 
a meshwork that supports the glandular tissue (fig. 28.20). 
Contraction of the smooth muscle within the prostate empties 
the contents from the gland and provides part of the propul- 
sive force needed to ejaculate the semen. The thin, milky- 
colored prostatic secretion assists sperm motility as a liquefying 
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FIGURE 28.20 


A photomicrograph of the prostate. 


agent, and its alkalinity protects sperm in their passage 
through the acidic environment of the female vagina. The 
discharge from the prostate makes up about 60% of the vol- 
ume of semen. (Spermatozoa constitute less than 1% of the 
volume of semen.) Clotting proteins in the Prostatic fluid 
causes the semen to coagulate after ejaculation, but the hy- 
drolytic action of fibrinolysin later causes the coagulated semen 
to again assume a more liquid form, thereby freeing the sperm. 
The prostate also secretes the enzyme acid phosphatase, which 
is often measured clinically to assess prostate function. 


A routine physical examination of the male includes 
rectal palpation of the prostate Enlargement or 
overgrowth of the glandular substance of the prostate, 
a condition called benign prostatic hypertrophy, is 
relatively common in older men. An enlarged prostate may 
constrict the prostatic urethra and cause difficult micturition. 
Treatment is usually surgical, and in some cases may be 
accomplished through the urethral canal. This technique, 
called a transurethral prostatic resection involves cutting and 
cauterizing the excessive tissue. In another technique, a small 
balloon is inserted and inflated to keep the prostate from 
exerting pressure on the prostatic urethra. 


Bulbourethral Glands) The paired, pea-sized, brownish- 
colored bulbourethral (bul “bo-yoo-re ‘thral) glands (Cow- 
per’s glands) are located inferior to the prostate. Each bul- 
bourethral gland is about 1 cm in diameter and drains by a 
2.5-em (1-in.) duct into the urethra (see fig. 28.7). Upon 
sexual excitement and prior to ejaculation, the bulbourethral 
glands are stimulated to secrete a mucoid substance. This 


cauterize Gk. kauferion, a branding iron 
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FIGURE 28.21 
The histology of the urethra (10x) 


secretion coats the lining of the urethra to neutralize the 
PH of the urine residue and lubricates the tip of the penis 
in preparation for coitus. 


Urethra 


The urethra of the male serves as a common tube for both 
the urinary and reproductive systems. However, urine and 
semen cannot simultaneously_pass through the urethra be- 
cause the nervous reflex during ejaculation automatically 
inhibits micturition. The urethra of the male is about 20 cm 
(8 in.) long and S-shaped due to the shape of the penis. 
Three regions can be identified—the prostatic urethra, the 
membranous urethra, and the spongy urethra (see fig. 25.29). 

The prostatic urethra ts the proximal (2.5 cm) por- 
tion of the urethra that passes through the prostate. The 
prostatic urethra receives drainage from the small ducts of 
the prostate and the two ejaculatory ducts. 

The membranous urethra is the short (0.5 cm) por- 
tion of the urethra that passes through the urogenital di- 
aphragm. The external urethral sphincter muscle is located 
in this region. 

The spongy urethra is the longest portion (15 cm), ex- 
tending from the outer edge of the urogenital diaphragm to 
the external urethral orifice on the glans penis. This portion 
is surrounded by erectile tissue as it passes through the corpus 
spongiosum of the penis. The paired ducts from the bul- 
bourethral glands attach to the spongy urethra near the uro- 
genital diaphragm. The membranous urethra and the spongy 
urethra are frequently referred to ay the penial urethra. 

The wall of the urethra has an inside lining of mucous 
membrane, composed of transitional epithelium (fig. 28.21) 
and surrounded by a relatively thick layer of smooth mus- 
cle tissue called tunica muscularis. Specialized urethral glands 
are embedded in the urethral wall and function to secrete 


mucus into the urethral canal. 
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Paraurethral glands 


Corpus spongiosum 


Penis 


The penis, when distended, serves as the copulatory organ 
of the male reproductive system. It is composed mainly of 
erectile tissue—a spongy network of connective tissue_and 
smooth muscle characterized by vascular spaces that be- 
come engorged with blood. The penis ts a pendent struc- 
ture, positioned anterior to the scrotum and attached to 
the pubic arch. It is divided into a proximally attached 
root, an elongated tubular body, and a distal glans 
penis (fig. 28.22). 

The root of the penis expands posteriorly to form the 
bulb of the penis and the crus (krus) of the penis. The bulb 
is positioned in the urogenital triangle of the perineum, 
where it is attached to the undersurface of the perineal mem- 
brane and enveloped by the bulbocavernosus muscle (see 
fig. 13.14). The crus attaches the root of the penis to the 
pubic arch (ischiopubic ramus) and to the perineal mem- 
brane. The crus is positioned superior to the bulb and is en- 
veloped by the ischiocavernosus muscle. 

The body, or shaft, of the penis is composed of three 
cylindrical columns of erectile tissue that are bound together 
by fibrous tissue and covered with skin (fig. 28.22). The 
paired columns that form the dorsum and sides of the penis 
are named the corpora cavernosa penis. The fibrous tissue 
between the two corpora forms a median septum. The cor- 
pus spongiosum penis lies anterior to the other two and sur- 
rounds the spongy urethra. The penis is flaccid and relaxed 
when the spongelike tissue is not engorged with blood but 
becomes firm and erect when the spaces are filled. 

The glans penis is the cone-shaped terminal portion 
formed from the expanded corpus spongiosum. The open- 
ing of the urethra at the tip of the glans penis is called the 
urethral orifice (see fig. 25.29). The corona glandis is the 
prominent posterior ridge of the glans penis. On the un- 
dersurface of the glans, a vertical fold of tissue called the 
frenulum (fren ‘yit-lum) attaches the skin covering the penis 
to the glans. 

The skin covering the penis is hairless, lacks fat cells, 
and generally is more darkly pigmented than the other body 
skin. The skin of the body is loosely attached and is con- 
tinuous over the glans penis as a retractable sheath called 
the prepuce (pre ‘pyoos), or foreskin. The prepuce is com- 
monly removed in male infants by a surgical procedure called 
circumcision. 
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crus: L. crus, leg; resembling a leg 

cavernous. L. cavus, hollow 

glans’ L. glans, acorn 

corona. L. corona, garland, crown 

frenulum. L. diminutive of frenum, a bridle 
prepuce. L. prae, before; putium, penis 
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FIGURE 28.22 


The structure of the penis showing the attachment, blood and nerve supply, and the arrangement of the erectile tissue. 


a A circumcision ts generally performed for hygienic 
purposes because the glans penis is easier to clean if 
exposed. A sebaceous secretion from the glans penis, 
called smegma, will accumulate along the border of 

the corona glandis if good hygiene is not practiced. Snegma 
can foster bacteria that may cause infections and therefore 
should be removed through washing. Cleaning the glans 
penis of an uncircumcised male requires retraction of the 
prepuce. Occasionally, a child 1s born with a prepuce that is 
too tight to permit retraction. This condition 1s called phimosis 
and necessitates circumcision 


Erection of the Penis 


Erection of the penis depends on the volume of blood that 
enters the arteries of the penis as compared to the volume 


phimosis: Gk phimosis, a muzzling 
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that exits through venous drainage. Normally, constant sym- 
pathetic stimuli to the arterioles of the penis maintain a par- 
tial constriction of smooth muscles within the arteriole walls 
so that there is an even flow of blood throughout the penis. 
During sexual excitement, however, Parasyinpathete im- 
pulses cause marked vasodilation within the arterioles of the 
penis, resulting in more blood entering than venous blood 
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draining. This causes the spongy tissue of the corpora cav- 
ermosa and the corpus spongiosum to become distended with 
blood and the penis to become turgid. Recent evidence has 
shown that the responses to parasympathetic stimulation 
that produce erection of the penis are mediated by nitric 
oxide (NO) as a neurotransmitter. 

Erection as controlled by two portions of the central 
nervous system—the hypothalamus in the brain and the 
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turgid L. turgeo, to swell 
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FIGURE 28.23 
The mechanism of emission and 
ejaculation. 
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sacral portion of the spinal cord. The hypothalamus con- 
trols conscious sexual thoughts that originate in the cere- 
bral cortex. Nerve impulses from the hypothalamus elicit 
parasympathetic responses from the sacral region that cause 
vasodilation of the arterioles within the penis. Conscious 
thought is not required for an erection, however, and stim- 
ulation of the penis can cause an erection because of a reflex 
response in the spinal cord. This reflexive action makes pos- 
sible an erection in a sleeping male or in an infant— 
perhaps from the stimulus of a diaper. 


Fission and Eyaculation of semen 


Continued sexual stimulation following erection of the penis 
causes emission. Emission is the movement of sperm from 
the epididymides to the ejaculatory ducts and the secretions 
of the accessory glands into the ejaculatory ducts and urethra 
in the formation of semen. The first sympathetic response, 
which occurs prior to ejaculation, is the discharge of fluids 
from the bulbourethral glands. These fluids are usually dis- 
charged before penetration of the penis into the vagina and 
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emission: L. emittere, expel or eject 
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urethra in a series of spurts 


ee ae av) 


serve to lubricate the urethra and the glans penis. Emission 
occurs as sympathetic impulses from the pelvic plexus cause 
a rhythmic contraction of the smooth muscle layers of the 
testes, epididymides, ductus deferentia, ejaculatory ducts, 
seminal vesicles, and prostate. 

Ejaculation immediately follows emission and is ac- 
companied by orgasm, which is considered the climax of the 
sex act. Ejaculation occurs in a series of spurts of semen from 
the urethra. This takes place as parasympathetic impulses 
traveling through the pudendal nerves stimulate the bulbo- 
cavernosus muscles at the base of the penis and cause them 
to contract rhythmically. There is also sympathetic stimu- 
lation of the smooth muscles in the urethral wall that peri- 
staltically contract to help eject the semen. Sexual function 
in the male thus requires the synergistic (rather than an- 
tagonistic) action of the parasympathetic and sympathetic 
nervous systems. The mechanism of emission and ejacula- 
tion is summarized in figure 28.23. 

Immediately following ejaculation or a cessation of 
sexual stimuli, sympathetic impulses cause vasoconstriction 
of the arterioles within the penis, reducing the inflow of 
blood. At the same time, cardiac output returns to normal, 
as does venous return of blood from the penis. With the 
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f The male and female 

\ reproductive systems 
follow a similar pattern of development, 
with sexual distinction resulting from the 
intluence of hormones. A signiticant fact 
of embryonic development is that the 
sexual organs for both male and female 
are derived from the same 
developmental tissues and are 
considered homologous structures. 

The first sign of development of either 

the male or the female reproductive 
organs occurs during the fifth week as 


_ the medial aspect of each mesonephros 


(see chapter 25) enlarges to form the 
~ gonadal ridge (fig. 1). The gonadal ridge 
continues to grow behind the developing 
peritoneal membrane. By the sixth week, 
_ Stringlike masses called primary sex 
cords form within the enlarging, gonadal 
ridge. The primary sex cords in the male 
will eventually mature to become the 
"seminiferous tubules. In the female, the 
“primary sex cords will contribute to 
nurturing tissue of developing ova. Each 
.fonad develops near a mesonephric 
(wolftian) duct and a paramesonephric 
(mullerian) duct. 

In the male embryo, each testis 
connects through a series of tubules to 
the mesonephric duct. During further 

development, the connecting tubules 
become the seminiferous tubules, and 
the mesonephric duct becomes the 
efferent ductules, epididymis, ductus deferens, 
eyaculatory duct, and semmal vesicle The 


~ paramesonephric duct in the male 


‘degenerates without contributing any 
functional structures to the reproductive 
system. 

In the temale embryo, the 
mesonephric duct degenerates, and the 
paramesonephric duct contributes in 
large measure to structures of the female 
reproductive system The distal ends of 
the paired paramesonephric ducts fuse to 
form the vagma and uterus The proximal 
unfused portions become the uterine 


» Aubes. 


» Externally, by the sixth week a 


¥ swelling called the penital tubercle 
© appears anterior to the small embryonic 


yu homologous Gk homos the same 


: oryonic De 
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tail (future coccyx). The mesonephric 
and paramesonephric ducts open to the 
outside through the genital tubercle. The 
genital tubercle consists of a glans, a 
urethral groove, paired urethral folds, and 
Paired labioscrotal swellings (fig. 2). As the 
glans portion of the genital tubercle 
enlarges. it becomes known as the 
phallus. Early in fetal development (tenth 
through twelfth week), sexual distinction 
of the external genitalia becomes 
apparent, In the male, the phallus 
enlarges and develops into the glans of 
the penis. The urethral folds fuse around 
the urethra to form the body of the penis. 
The urethra opens at the end of the glans 
as the urethral orifice. The labioscrotal 
swellings fuse to form the scrouan into 
which the testes will descend. In the 
female, the phallus gives rise to the 
cluoris, the urethral folds remain unfused 
as the labia minora, and the labioscrotal 
swellings become the labia majora. The 
urethral groove is retained as a 
longitudinal cleft known as the vestibule 


Development of Secondary 
Sex Organs 


In addition to testes and ovaries, which 
are the primary sex organs, or gonads, 
the external genitalia and various 
internal accessory sex organs are needed 
for reproductive function. These are 
known as the secondary sex organs. 
Some of the male accessory sex organs 
are derived trom the mesonephric 
(wolttian) ducts, and female accessory 
organs are derived from the 
paramesonephric (mullerian) ducts (fig 
2) Interestingly, trom about day 25 to 
about day 50, male and female embryos 
alike have both duct systems and, 
therelore, have the potential to form the 
accessory organs characteristic of either 
gender, 

Experimental removal ot the testes 
(castration) from male embryonic 
animals results in regression of the 
mesonephne ducts and development of 
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wolffian ducts: trom Kaspar Friedrich Woltl, German 
embryalogist, 1733-94 


millerian ducts trom Johannes Peter Muller, German 
Physiologist. 1601-58 
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the paramesonephric ducts into female 
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e 
accessory sex organs: the uterus and “4 
uterine (fallopian) tubes. Female i 
accessory sex organs, therefore, develop — o 


as a result of the absence of testes (and 
their secretion of testosterone) rather 
than the presence of ovaries 

The developing seminiferous tubules 
within the testes secrete a polypeptide 
called mullerian inhibition factor, 
that causes regression of the 
paramesonephric ducts beginning about - 
day 60. The secretion of testosterone by 
the interstitial cells of the testes 
subsequently causes growth and 
development of the mesonephric ducts 
into male accessory sex organs: the 
epididymis, ductus deferens, seminal 
vesicles, and ejaculatory duct. 


Other structures that male and female © 


embryos share in common are the 
urogenital sinus, genital tubercle, urethral 
folds, and labiosacral swellings. The 
secretions of the testes masculinize these es 
structures to form the penis, prostate, and 
scrotum. The genital tubercle that forms 
the penis in a male will, in the absence of 
testes, become the clitoris in a female. 
The penis and clitoris are thus said to be 
homologous structures, Similarly, the 
labiosacral swellings form the scrotum in 
a male or the labia majora in a female; - 
these structures are therefore also 
homologous (fig. 3). 

In summary, the genetic sex is 
determined by whether a Y-bearing of an 
X-bearing spermatozoon fertilizes the 
ovum; the presence or absence of a Y 
chromosome in turn determines whether 
the gonads of the embryo will be testes 
or ovaries; and, finally, the presence or 


absence of testes determines whether the - 


accessory sex organs and erternal 
genitalia will be male or female (rable 1), 
This reyulatory pattern of sex 

determination makes sense in light of the 
tact that both male and temate embryos 
develop within an environment high in 
estrogen, which ts secreted by the 
mothers ovaries and the placenta. lithe - 
secretions of the ovanes determined the 
sex, allembryos would be female. 


Continued 
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FIGURE 2 


Differentiation of the external genitalia tn the 
male and female. (a, a, {sagittal view) Ar 6 
weeks, the genital tubercle urethral fold, and 
labioscrotal swelling have differentiated from 
the genital tubercle (b) At8 weeks. adistinet 
phallus is presen! durnng the indilteren! stage. 
By week 12. the genitalia have become 
disnnctly male (c) or female (d). being derived 
from homologcus structures. le, f). At 16 weeks. 
the genitalia are formed (y h) Photographs at 
week |0 of male and female genitalia 

: é respectively. 
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Approximate time after fertilization 


Developmental changes 


Trimester Indifferent — Male Female 


First Germ cells migrate from yolk sac. 
Mesonephric ducts begin 
development. 2 
Paramesonephric ducts begin “ 
development. : s 
Urogenital sinus and tubercle 2 
develop. cs 
Tubules and sustentacular cells ds 
appear. Paramesonephric ducts “ 
begin to regress. “a 
Interstitial cells appear and begin Formation of vagina begins tk 
testosterone production. A = 
Mesonephric ducts grow. Regression of mesonephric i 
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Second Development of ovarian f ‘ol re 
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Uterus is formed. 
Third Testes descend into scrotum. Formation of vagina co pl 
Growth of external genitalia : 
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Characteristic 


1.5-5.0 ml 
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m count 


‘Volume of ejaculate 


70% or more 
60% or more 


0-2000/mI 


Source: July/August 1981 issue of Diagnostic Medicine. 


return of the normal flow of blood through the penis, it again 
becomes flaccid. Following an ejaculation of semen from 
the erect penis, another erection and ejaculation cannot be 
triggered for a period ranging from 10 minutes to a few hours. 


Semen Semen, also called seminal (sem‘t-nal) fluid, con- 
sists of spermatozoa plus the additives from the accessory 
sex glands, (table 28.4). Generally, the volume of semen 
ejaculated ranges between 1.5 and 5.0 ml. The bulk of the 
fluid (about 60%) is produced by the seminal vesicles, and 
the rest (about 40%) is contributed by the prostate. There 
are usually between 60 and 150 million sperm per milliliter 
of ejaculate. In the condition of oligospermia, the male ejac- 
ulates fewer than 10 million sperm per milliliter and is likely 
to have fertility problems. 


va Human semen can be frozen and stored in sperm 
banks for future artificial insemination. In this 
procedure, the semen is.diluted with 10% glycerol, 
monosaccharide, and distilled water buffer and 
frozen in liquid nitrogen. The freezing process destroys 
defective and abnormal sperm. For some unknown reason, 
however, not all human sperm is suitable for freezing. 


n ah 


linical Considerations 


Sexual dysfunction is a broad area of medical concern that in- 
cludes developmental and psychogenic problems as well as 
conditions resulting from various diseases. Psychogenic prob- 
lems of the reproductive system are extremely complex, poorly 


Oligospermia’ Gk. oligos, few, sperma, seed 
fertility: L. fere. to bear 
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understood, and beyond the scope of this book. Only a few of 
the principal developmental conditions, functional disorders, 
and diseases that affect the physical structure and function of 
the male reproductive system are included in this section. 


Developmental Abnormalities 


The reproductive organs of both sexes develop from sim- 
ilar embryonic tissue that follows a consistent pattern of 
formation well into the fetal period. Because an embryo 
has the potential to differentiate into a male or a female, 
developmental errors can result in various degrees of in- 
termediate sex, or hermaphroditism (her-maf ‘r5-di-tiz“em). 
A person with undifferentiated or ambiguous external gen- 
italia is called a hermaphrodite. 

True hermaphroditism—in which both male and fe- 
male gonadal tissues are present, in either the same or op- 
posite gonads—is a rare anomaly. True hermaphrodites 
usually have a 46, XX chromosome constitution. Male 
pseudohermaphroditism occurs more commonly and gen- 
erally results from hormonal influences during early fetal de- 
velopment. This condition is caused either by inadequate 
amounts of androgenic hormones being secreted or by the 
delayed development of the reproductive organs after the 
period of tissue sensitivity has passed. These individuals have 
a 46, XY chromosome constitution and male gonads, but in- 
tersexual and variable genitalia. The treatment of her- 
maphroditism varies, depending on the extent of ambiguity 
of the reproductive organs. Although people with this con- 
dition are sterile, they may engage in normal sexual rela- 
tions following hormonal therapy and plastic surgery. 

Chromosomal anomalies result from the improper sep- 
aration of the chromosomes during meiosis and are usually 
expressed in deviations of the reproductive organs. The two 
most frequent chromosomal anomalies cause Turner's syn- 
drome and Klinefelter’s syndrome. Turner’s syndrome occurs 
when only one X chromosome is present. About 97% of em- 
bryos lacking an X chromosome die; the remaining 3% sur- 
vive and appear to be females, but their gonads are 
rudimentary or absent, and they do not mature at puberty. 
People with Klinefelter’s syndrome have an XXY chromo- 
some constitution and develop male genitalia, but have un- 
derdeveloped seminiferous tubules. These individuals are 
generally retarded. 

A more common developmental problem than ge- 
netic abnormalities, and fortunately less serious, is cryp- 
torchidism. Cryptorchidism (krip-tor‘kt-diz“em) means 
“hidden testis” and is characterized by the failure of one 
or both testes to descend into the scrotum. A eryptorchid 


hermaphrodite’ GK (mythology) Hermaphrodites, son of Hermes (Mercury) 
Turner's syndrome. trom Henry H. Turner. American endocrinologist, 1892-1970 
Klinetelter's syndrome. trom Harry F. Klinefelter Jr, American physician, b 1912 
cryptorchidism: Gk. crypto, hidden, orchis, testis 
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testis is usually located along the path of descent but can be 
anywhere in the pelvic cavity (fig. 28.24). It occurs in 
about 3% of male infants and should be treated before the 


infant has reached the age of 5 to reduce the likelihood of 


intertulity or other complications. 


Functional Considerations 


Functional disorders of the male reproductive system in- 
clude impotence, infertility, and sterility. Impotence (im ‘po- 
tens) is the inability of a sexually mature male to achieve 
and maintain penile erection and/or the inability to achieve 
ejaculation. The causes of impotence may be physical, such 
as abnormalities of the penis, vascular irregularities, neuro- 
logical disorders, or certain diseases. Generally, however, 
the cause of impotence ts psychological, and the patient re- 
quires skilled counseling by a sex therapist. 

Infertility is the inability of the sperm to fertilize the 
ovum. Infertility problems may be due to factors originating 
in the male or female, or both. The term impotence should 
not be confused with infertility. In males, the most common 
cause of infertility is the inadequate production of viable 
sperm. This may result from alcoholism, dietary deficiencies, 
local injury, varicocele, excessive heat, or exposure to X rays. 
A hormonal imbalance may also contribute to infertility. 
Many of the causes of infertility can be treated through proper 
nutrition, gonadotropic hormone treatment, or microsurgery. 
If corrective treatment is not possible, however, it may be 
possible to concentrate the sperm obtained through mastur- 
bation (in males, self-stimulation to the point of ejaculation) 
and use this concentrate to artificially inseminate the female. 

Sterility is similar to infertility, except that sterility tsa 
permanent condition. Sterility may be genetically caused, or 
it may be the result of degenerative changes in the seminif- 
erous tubules (for example, mumps in a mature male may sec- 
ondarily infect the testes and cause. irreversible tissue damage). 

Voluntary sterilization of the male ina procedure 
called a vasectomy is a common technique of birth control 
and can be performed on an outpatient basis. In this pro- 
cedure, a small section of each ductus deferens near the epi- 
didymis is surgically remoy ed and the cut ends of the ducts 
are tied (fig. 28.25). A vasectomy interferes with sperm 
transport but does not directly affect the secretion of an- 
from interstitial cells in the interstitial tissue. Since 


drogens 
continues, the sperm cannot be drained from 


spermatogenesis 


impotence: L. im. not, potens, potent 


sterility L. sferilis, barren 
vasectomy: L. vas, vessel, Gk. ekfome, excision 
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the testes and instead accumulate in the “erypts” that form in 
the seminiferous tubules and ductus deferens. These crypts 
present sites of inflammatory reactions in which spermato- 
zoa are phagocytosed and destroyed by the immune system. 


Diseases of the Male Reproductive system 


Sexually Transmitted Diseases Sexually transmitted dis- 
eases (STDs)—sometimes collectively called “VD” (vene- 
real disease) are contagious diseases thar atfect the 
reproductive systems of both the male and the temale (table 
28.5). STDs are transmitted during sexual activity, and their 
frequency of occurrence in the United States ts regarded by 
health authorities as epidemic. These diseases have not been 
eradicated mainly because humans cannot develop immu- 
nity to them and because increased sexual promiscuity in- 
creases the Likelihood of infection and reintection, 
Gonorrhea (gon “0-re 4), commonly called “clap,” ts 
caused by the hactertum gonococcus, or Neisseria gonor- 


Stee weer rerenesereceeessesaareeeeees 
veneral L (mythology) Venus. the goddess of love 


gonorrhea L. gonos, seed rhoia. a Slow 
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thoeae. Males with this disease suffer inflammation of the 
urethra, accompanied by painful urination and frequently 
the discharge of pus. In females, the condition is usually 
asymptomatic, and therefore many women may be unsus- 
pecting carriers of the disease. Advanced stages of gonor- 
thea in females may infect the uterus and the uterine tubes. 
A pregnant woman with untreated gonorrhea may transmit 
the disease to the eyes of her newborn during its Passage 
through the birth canal, possibly causing blindness. 
Syphilis (sif T-lis) 1s caused by the bacterium Treponema 
pallidum. Syphilis is less common than gonorrhea but is the 
more serious of the two diseases. During the primary stage of 
syphilis, a lesion called a chanere develops at the point where 
contact Was made with the infectious syphiline lesion of a 
carrier. The chancre—an ulcerated sore that has hard 
edges—endures for 10 days to 3 months. [ras only during 
the primary stage that syphilis can be spread to another sex- 
ual partner. The chancre will heal with time, but af not 
treated it will be followed by secondary and tertiary stages of 


chancre Fr chancre. indirectly from L cancer, a crad 
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Table: 00.5. sexuantytranemitted divccace ¢ 


a 
Z 


Organism Resulting condition — 


Gonorrhea Gonococcus (bacterium) Adult: sterility due to scarring of Penicillin injections, tetracycline 
epididymides and tubes; rarely: tablets; eyedrops (silver nitrate or 
septicemia; newborn: blindness penicillin) in newborns as 

preventative 
Syphilis Treponema pallidum Adult: gummas, cardiovascular Penicillin injections; tetracycline 
(bacterium) neurosyphilis; newborn: tablets : 
congenital syphilis (abnormalities, 
blindness) 
Chancroid (soft chancre) | Hemophilus ducreyi(bacterium) | Chancres, buboes Tetracycline; sulfa drugs 
 Urethritis in men Various microorganisms Clear discharge Tetracycline s 


~ Vaginitis 
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Trichomonas (protozoan) 
Candida albicans (yeast) 


Human immunodeficiency 
virus (HIV) 


Chlamydia trachomatis 
(bacterium) 


Microorganism 


Donovania granulomatis 


Frothy white or yellow discharge 

Thick, white, curdy discharge 
(moniliasis) 

Early symptoms include extreme 
fatigue, weight loss, fever, 
diarrhea; increased susceptibility 
to pneumonia, rare infections, and 
cancer 

Whitish discharge from penis or 
vagina; pain during urination 

Ulcerating buboes; rectal stricture 


Raw, open, extended sore 


Metronidazole 
Nystatin 


Azidothymidine (AZT, or Retrovir); no. 
cure available 


Tetracycline and sulfonamides 
Tetracycline; sulfa drugs 


Tetracycline 


Warts 


Virus 


Podophyllin; cautery, cry 


men! 


Disorders of the Prostate § The prostate is subject to several 
disorders, most of which are common in older men. The four 
most frequent prostatic problems are acute prostatitis, 
chronic prostatitis, benign prostatic hypertrophy, and car- 
cinoma of the prostate. 

Acute prostatitis is common in sexually active young 
men through infections acquired from a gonococcus bac- 
terium. The symptoms of acute prostatitis are a swollen and 
tender prostate, painful urination, and in extreme condi- 
tions, pus dripping from the penis. It is treated with peni- 
cillin, bed rest, and increased fluid intake. 

Chronic prostatitis is one of the most common af- 
flictions of middle-aged and elderly men. The symptoms of 
this condition range from irritation and slight difficulty in 
urinating to extreme pain and urine blockage, which com- 
monly causes secondary renal infections. In this disease, 
several kinds of infectious microorganisms are believed to 


syphilis. During the initial contact, the bacteria enter the 
bloodstream and spread throughout the body. The secondary 
stage of syphilis is expressed by lesions or a rash of the skin 
and mucous membranes, accompanied by fever. This stage 
lasts from 2 weeks to 6 months, and the symptoms disappear 
of their own accord. The tertiary stage occurs 10 to 20 years 
following the primary infection. The circulatory, integu- 
mentary, skeletal, and nervous systems are particularly vul- 
nerable to the degenerative changes caused by this disease. 
The end result of untreated syphilis is blindness, insanity, 
and eventual death. 

AIDS, or acquired immune deficiency syndrome, is a 
viral disease that is transmitted primarily through intimate 
sexual contact and drug abuse (by sharing contaminated sy- 
ringe needles). Additional information about this fatal dis- 
ease, for which there ts currently no cure, 1s presented in 
chapter 23 and table 28.5. 
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be harbored in the prostate and are responsible for inflam- 
mations elsewhere in the body, such as in the nerves (neu- 
ritis), the joints (arthritis), the muscles (myositis), and the 
iris (iritis). 

Benign prostatic hypertrophy, or enlargement of the 
Prostate, occurs in approximately one-third of all males 
over the age of 60. In this condition, an overgrowth of 
granular material compresses the prostatic urethra. The 
cause of prostatic hypertrophy is not known. As the 
prostate enlarges, urination becomes painful and difficult. 
If the urinary bladder is not emptied completely, cystitis 
eventually occurs. People with cystitis may become in- 
continent and dribble urine continuously. Prostatic hy- 
pertrophy is usually treated by the surgical removal of 
portions of the gland through transurethral curetting (cut- 
ting and removal of a small section) or the removal of the 
entire prostate, called prostatectomy. 

Prostatic carcinoma, or cancer of the prostate, is 
the second leading cause of death from cancer in males 
in the United States. When prostatic cancer is confined 
to the prostate, it is generally small and asymptomatic. 
But as the cancer grows and invades surrounding nerve 
plexuses, it becomes extremely painful and is easily de- 
tected. The metastases of this cancer to the spinal column 
and brain are generally what kills the patient. 


As prostatic carcinoma develops, it has symptoms 
nearly identical to those of prostatic hypertrophy—painful 
urination and cystitis. When examined by rectal palpa- 
tion with a gloved finger, however, a hard cancerous mass 
can be detected in contrast to the enlarged, soft, and ten- 
der prostate diagnostic of prostatic hypertrophy. Prostatic 
carcinoma is treated by prostatectomy and frequently by 
the removal of the testes (called orchiectomy) as well. An 
orchiectomy inhibits metastases by eliminating testos- 
terone secretion. 


Disorders of the Testes and Scrotum A hydrocele 
(hi‘dro-sél) is a benign fluid mass within the tunica vagi- 
nalis that causes swelling of the scrotum. It is a frequent, 
minor disorder in male infants as well as in adults. The 
cause is unknown. 

An infection in the testes is called orchitis. Orchitis 
may develop from a primary infection from a tubercle bac- 
terium or as a secondary complication of mumps contracted 
after puberty. If orchitis from mumps involves both testes, 
it usually causes sterility. 

Trauma to the testes and scrotum is common because of 
their pendent position. The testes are extremely sensitive to 
pain, and a male responds reflexively to protect the groin area. 
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Chapter Summary 


Introduction to the Reproductive System 
(pp. 839-841) 


1. Ova and sperm, collectively called 


(pp. 841-845) 


Endocrine Regulation of Reproduction 


1. The gonads of both sexes are stimulated 


3. LH stimulates the interstitial cells to 
secrete testosterone and FSH stimulates 
the tubules to secrete a polypeptide 
hormone called inhibin; testosterone and 


gametes, each contain 23 chromosomes 

and are haploid. 

a. The gametes are formed by meiosis. 

b. The zygote that is formed as a result 
of fertilization is diploid, with 46 
chromosomes. 

c. The X and Y chromosomes are called 
the sex chromosomes; a female has 
the XX and a male has the XY 
genotype. 

. The indifferent embryonic gonads are 

converted into testes by the action of a 

testis-determining factor on the Y 

chromosome; in the absence of this 

factor, the gonads become ovaries. 

. Testosterone acts in its target cells 

through its conversion into derivatives, 

including dehydrotestosterone (DHT). 

Testosterone and DHT are responsible for 

the masculinization of the embryonic 

tissues to form male accessory sex 
organs. 

. The testes descend from the body cavity 

into the scrotum through the action of the 

gubernaculum. 
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by FSH and LH, which are secreted by the 
anterior pituitary in response to 
stimulation by GnRH from the 
hypothalamus. 


. At the time of puberty, a rise in the 


secretion of gonadal steroid hormones 
causes the development of secondary sex 
characteristics. 


. The pineal gland, with its secretion of 


melatonin, is believed by many to play a 
role in the initiation of puberty. 


Male Reproductive System 
(pp. 845-853) 


1. The testes are contained outside of the 


body cavity in the scrotum. Through the 
action of the cremaster and dartos 
muscles, the scrotum can contract and 
elevate the testes closer to the body 
cavity in response to cold temperatures. 


. The testes are partitioned into wedge- 


shaped lobules; the lobules are composed 
of seminiferous tubules that produce 
sperm and of interstitial tissue that 
produces androgens. 


inhibin, in turn, exert feedback control of 
LH and FSH secretion, respectively. 


. Spermatogenesis begins with stem cells 


called spermatogonia. The diploid 

spermatogonia undergo meiosis to form 

haploid secondary spermatocytes at the 
end of the first division and spermatids at 
the end of the second division. 

a. The four spermatids formed from the 
Meiotic division of one parent cell are 
Nurtured by the sustentacular cells, 
which aid the development of 
spermatids into spermatozoa. 

b. Sustentacular cells are the targets of 
FSH action, and both FSH and 
testosterone are required for 
spermatogenesis at puberty. 


Spermatic Ducts, Accessory Glands, 
and the Penis (pp. 853-863) 


. Nonmotile sperm pass from the testes to 


the head of the epididymis, through its 
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Interactions of the Reproductive System 
with Other Body Systems 


Integumentary System 

¢ Protects the body from pathogens 

¢ Helps to maintain body temperature 

© Serves as sexual attractant 

© Sex hormones affect distribution of body hair and 
deposition of subcutaneous fat 


Skeletal System 

© Supports and protects some reproductive organs 

© Sex hormones stimulate bone growth and 
maintenance 

e Androgens masculinize skeleten; estrogen 
feminizes skeleten 


Muscular System 

© Skeletal muscles protect some reproductive 
organs 

¢ Involuntary action of smooth muscles aids 
movement of gametes 

© Testosterone promotes increase in muscle mass 


Nervous System 
© Provides autonomic regulation of reproductive 


function 
© CNS regulates behavioral aspects of reproduction 
© Sex hormones influence brain development and 
sexual behavior 


Endocrine System 

¢ Pituitary and gonadal hormones regulate all 
aspects of reproductive function 

¢ Gonadotropins and GnRH regulate function of 
gonads 


Circulatory System 

e Transports oxygen and nutrients to reproductive 
organs and fetus and removes wastes 

e Estrogen lowers blood cholesterol levels 


Lymphatic System 
e Protects against infections 
e Drains tissue fluid and returns it to venous 


system 


Respiratory System 

¢ Provides oxygen for reproductive system and 
fetus and provides for elimination of carbon 
dioxide 


Urinary System 

© Regulates the volume, pH, and electrolyte 
balance of the blood and eliminates wastes 

e Male urethra transports semen 


Digestive System 

¢ Provides nutrients for organ function 

¢ Provides nutrients for embryonic and fetal 
development 
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body, and out the tail of the epididymis to 

enter the ductus deferens as mature 

sperm 

a. The ductus deferens exits the scrotum, 
penetrates through the inguinal canal, 
and delivers sperm to the ejaculatory 
duct, which is formed by the union of 
the ductus deferens and the duct of the 
seminal vesicle. 

b. The secretions of the seminal vesicles 
constitute about 60% of the semen: 
these secretions include fructose, citric 
acid, and coagulation proteins. 

c. The ejaculatory ducts pass through the 
prostate, which contributes fluid and 
chemical agents to the semen. The 


secretions of the prostate constitute 
about 40% of the semen. 
(Spermatozoa account for less than 1% 
of the semen content.) 

d. The bulbourethral glands secrete a 
mucoid substance that coats the 
urethra and lubricates the tip of the 
penis. 

2. The male urethra, which serves as a 
common tube for both the urinary and 
reproductive systems is divided into 
Prostatic, membranous, and spongy 
portions. 

3. The penis contains three long columns of 
erectile tissue: two dorsal corpora 


cavernosa and one ventral corpus 

spongiosum surrounding the urethra. 

a. Erection is achieved by engorgement of 
the spongy erectile tissue with blood. 

b. Emission is the movement of sperm 
into the ejaculatory ducts, together 
with fluid from the accessory glands. 

c. Ejaculation is the forceful propulsion of 
semen from the male duct system as a 
result of muscular contractions of the 
bulbocavernosus muscles and 
sympathetic reflexes in the smooth 
muscles of the reproductive organs. 


Review Activities 


Objective Questions 


1. 


An embryo with the genotype XY 
develops male accessory sex organs 
because of 

a. androgens. 

b. estrogens. 

c. the absence of androgens. 

d. the absence of estrogens. 


. Which of the following does not arise 


from the embryonic mesonephric duct? 

a. epididymis. 

b ductus deferens. 

c. seminal vesicle. 

d. prostate. 

The external genitalia of a male are 

completely formed by the end of 

a. the embryonic period. 

b. the ninth week. 

c. the tenth week. 

d. the twelfth week. 

In the male, FSH 

a. is not secreted by the pituitary. 

b. receptors are located in the interstitial 
Cells 

c. receptors are located in the 
spermatogonia. 

d. receptors are located in the 
sustentacular cells. 

The secretion of FSH ina male is inhibited 

by negative feedback effects of 

a. inhibin secreted from the tubules. 

b. inhibin secreted from the interstitial 
cells 


C. testosterone secreted from the 
tubules. 

d. testosterone secreted from the 
interstitial cells. 

6. Which of the following is not a spermatic 
duct? 

a. epididymis 

b. spermatic cord 

C. ejaculatory duct 

d. ductus deferens 

7. Spermatozoa are stored prior to emission 
and ejaculation in 

a. the epididymides. 

b. the seminal vesicles. 

c. the penile urethra. 

d. the prostate. 

8. Urethral glands 

a. secrete mucus. 

b. produce nutrients. 

c. secrete hormones. 

d. regulate sperm production. 

9. Which statement is fa/se regarding 
erection of the penis? 

a. It is a parasympathetic response. 

b. It may be both a voluntary and an 
involuntary response. 

c. It has to be followed by emission and 
ejaculation. 

d. Itis controlled by the hypothalamus of 
the brain and sacral portion of the 
spinal cord. 

10. The condition in which one or both testes 
fail to descend into the scrotum is 

a. cryptorchidism. 

b. Turner's syndrome. 

c. hermaphroditism. 

d. Klinefelter's syndrome. 


Essay Questions 


1. 


Describe how development of the gonads 
and of the secondary sex organs is 
determined by chromosomes and by the 
secretion of hormones. 

Explain why a testis is said to be 
composed of two separate compartments 
and describe how these compartments 
may interact. 

Describe the role of the sustentacular 
cells in spermatogenesis and explain how 
spermatogenesis is hormonally 
controlled. 

Describe the interactions between the 
hypothalamus, anterior pituitary, and 
testes during puberty and discuss the 
possible role of the pineal gland in 
puberty. 

List the structures that constitute the 
spermatic cord. Where is the inguinal 
canal? Why are the inguinal canal and 
inguinal ring clinically important? 
Compare the seminal vesicles and the 
Prostate in terms of location, structure, 
and function. 

Describe the structure of the penis and 
explain the mechanisms that result in 
erection, emission, and ejaculation. 


. Distinguish between impotence, 


infertility, and sterility. 
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© List and briefly describe the primary and secondary 

female sex organs and detine secondary sex 

characteristics. 

List the functions of the female reproductive system. 

© Describe the structures of the uterine tubes, uterus. 

vulva, and vagina. 

Describe the changes that occur in the female 

reproductive structures during sexual excitement and 

coitus. 

Describe the position of the ovaries and of the 

ligaments associated with the ovaries and genital 

ducts. 

Discuss the changes that occur in the ovaries leading 

up to and following ovulation. 

© Describe oogenesis and explain why meiosis of one 
primary oocyte results in the formation of only one 
mature ovum. 


Contraceptive Pill 
Menopause 


Mammary Glands and Lactation BBG 


Structure of the Breasts and Mammary Glands 

Lactation 

Development of the Female Reproductive 
System 


Clinical Considerations 688 


Diagnostic Procedures 

Problems Involving the Ovaries and Uterine 
Tubes 

Problems Involving the Uterus 

Diseases of the Vagina and Vulva 

Diseases of the Breasts and Mammary Glands 

Methods of Contraception 


Breast Self-Enamination (BSE) 895 


Chapter Summary 896 
Review Activities 896 


¢ Discuss the hormonal secretions of the ovaries during 
an ovarian cycle. 


¢ Describe the hormonal changes that occur during the 
follicular phase and explain the hormonal contro! of 
ovulation. 


¢ Discuss the formation, function, and fate of the 
corpus luteum. 


Discuss the structural changes that occur in the 

endometrium during the menstrual cycle and explain 

how these changes are hormonally controlled. 

© Describe the structure of the breasts and mammary 
glands. 

¢ Discuss the hormonal requirements for mammary 
gland development. 

¢ Describe the action of prolactin and oxytocin on 


lactation and explain how secretion of these 
hormones is regulated. 
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atructures and Functions of the 


Female hepraductive aystem 


The structures of the female reproductive system mclude the ovaries: 

the secondary sex organs (vagina, uterine tubes, uterus, and mammary 
glands); and the external genitalia. The female reproductive system 
produces ova, secretes sex hormones, receives sperm from the male, and 
provides sites for fertilization and development of the embryo and fetus. 
Parturition follows gestation, and secretions from the mammary glands 
provide nourishment for the baby. 


The organs of the female and male reproductive systems are 
considered homologous because they develop from the same 
embryonic structures. The primary sex organs, called gonads, 
produce the gametes, or sex cells. Specifically, the ovaries 
are the gonads in females and the ova are the gametes that 
they produce. The ova of a female are completely formed, 
but not totally matured, during fetal development of the 
ovaries. The ova are generally discharged, or ovulated, one at 
a time in a cyclic pattern throughout the reproductive period 
of the female, which extends from puberty to menopause. 
Menstruation is the discharge of menses (blood and solid tis- 
sue) from the uterus at the end of each menstrual cycle. 


Uterine tube 


Ovary 


Uterus 


Unnary bladder 


Symphysis pubis 


Urethra 


Clitoris 


Labium minor 
Labium major 


Vaginal orifice 


FIGURE 29.1 


Menopause is the termination of ovulation and menstrua- 
tion. The reproductive period in females generally extends 
from about age 12 to age 50. The cyclic reproductive pat- 
tern of ovulation and the age span during which a woman is 
fertile are determined by hormonal action. 

The functions of the female reproductive system are 
(1) to produce ova; (2) to secrete sex hormones; (3) to re- 
ceive the sperm from the male during coitus; (4) to provide 
sites for fertilization, implantation of the blastocyst (see 
chapter 30), and embryonic and fetal development; (5) to fa- 
cilitate parturition, or delivery of the baby; and (6) to provide 
nourishment for the baby through the secretion of milk from 
the mammary glands in the breasts. 


decondary Sex Organs and Secondary bey 
Characteristics 


Secondary sex organs (fig. 29.1) are those structures that are 
essential for successful fertilization, implantation of the em- 
bryo, development of the embryo and fetus, and parturition. 
The secondary sex organs include the vagina, which receives 
the penis and ejaculated semen during coitus and through 


vagina: L. vagina, sheath or scabbard 


Fimbriae of 
uterine tube 


Posterior portion of 
vaginal fornix 
Cervix of uterus 


Rectum 


Vagina 


Anus 


Organs of the female reproductive system seen in sagittal section. 


Female Reproductive System 
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which the baby passes during parturition; the uterine (fal- 
lopian) tubes, also called the oviducts, through which an 
ovum is transported toward the uterus after ovulation and 
in which fertilization normally occurs; and the uterus 
(womb), in which implantation and development occur and 
Whose muscular walls play an active role in parturition. 
Mammary glands are also considered to be secondary sex 
organs because the milk secreted after parturition provides 
nourishment tor the baby. The structure and function of 
mammary glands will be discussed in a separate section. 

Secondary sex characteristics are features that are not 
essential for the reproductive process but that are consid- 
ered to be sexual attractants. The temale distribution of sub- 
cutaneous fat, broad pelvis, body hair pattern, and breast 
development are examples. Although the breasts contain 
the mammary glands, large breasts are not essential for nurs- 
ing the young. Indeed, while all mammals have mammary 
glands and are capable of nursing, only human females have 
protruding breasts; the sole purpose of this characteristic, it 
seems, is to function as a sexual attractant. 


- The onset of puberty in females generally occurs 
between the ages of 12 and 14, varying with the 
nutritional condition, genetic background, and even 
sexual exposure of the individual. Generally, girls 

attain puberty 6 months to | year earlier than boys, 
accompanied by an earlier growth spurt (see chapter 28). 
Puberty in girls is heralded by the onset of menstruation, or 
menarche (me-nar ke). Puberty results from the increased 
secretion of gonadotropins from the anterior pituitary, which 
stimulates the ovaries to begin their cycles of ova 
development and sex steroid secretion. 


Uterine Tubes 


The paired uterine (fallopian) tubes transport ova from the 
ovaries to the uterus. Fertilization normally occurs within 
the uterine tube. Each uterine tube is approximately 10 cm 
(4 in.) long and 0.7 cm (0.3 in.) in diameter and is posi- 
tioned between the folds of the broad ligament of the uterus. 


= The term salpinx is occasionally used to refer to the 
uterine tubes. It is a Greek word meaning “trumpet” 
or “tube” and 1s the root of such clinical terms as 
salpingitis (sal“pin-ji tis), or inflammation of the 
uterine tubes; salpingography (radiography of the uterine 
tubes): and salpingolysis (the breaking up of adhesions of the 
uterine tube to correct female infertility). 


The funnel-shaped, open-ended portion of the uter- 
ine tube is called the infundibulum. Although the in- 
fundibulum is close to the ovary, it ts not attached. A 


fallopian tubes: from Gabriele Fallopius, Italian anatomist, 1523-62 
fimbnae: L. fmbria, tringe 


number of fringed, fingerlike processes, called fimbriae, pro- 
ject from the margins of the infundibulum over the lateral 
surface of the ovary. The fimbriae are covered by ciliated 
columnar epithelium, which draws the ovum into the lumen 
of the uterine tube. From the infundibulum, the uterine 
tube extends medially and inferiorly to open into the 
superolateral cavity of the uterus at the uterine opening. 
The ampulla (am-pool ‘a) is the longest and widest portion 
of the uterine tube. 

The wall of the uterine tube consists of three histo- 
logical layers (fig. 29.2). The internal mucosa lines the 
lumen and is composed of a ciliated columnar epithelium. 
The mucosa contains numerous folds that serve to delay the 
passage of the ovum, thus increasing the chances that fer- 
tilization will occur in the upper third of the tube. The mus- 
cularis is the middle layer, composed of a thick, circular 
layer of smooth muscle and a thin outer layer of smooth mus- 
cle. Peristaltic contractions of the muscularis and ciliary ac- 
tion of the mucosa move the ovum through the lumen of 
the uterine tube. The outer, lubricative serous layer of the 
uterine tube is part of the visceral peritoneum. 

The ovum takes 4 to 5 days to move through the uter- 
ine tube. If enough viable sperm are ejaculated into the 
yagina during coitus, and if there is an oocyte in the uterine 
tube, fertilization will occur within hours after discharge of 
the semen. The zygote will move toward the uterus, where 
implantation occurs. If the developing embryo (called a 
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FIGURE 29.2 
The histology of the uterine tube. 
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blastocyst) implants into the uterine tube rather than the 
uterus, the pregnancy is termed an ectopic pregnancy, mean- 


ing an implantation of the blastocyst in a site other than 
the uterus. 


_ Since the infundibulum of the uterine tube is 

\ unattached, it provides a potential pathway for 

pathogens to enter the abdominopelvic cavity. The 

mucosd of the uterine tube js continuous with that of 
the uterus and yagina, and itis possible for infectious agents 
to enter the vagina and cause infections that may ultimately 
spread to the pentoneal linings, resulting in pelvic 
inflammatory disease (PID). There is no opening into the 
abdominopelvic cavity other than through the uterine tubes. 


The abdominopelvic cavity of a male is totally sealed from 
external contamination. 


—] 


Uterus 


The uterus is the normal site of implantation for the blas- 
tocyst that develops from a fertilized ovum. Prenatal devel- 
opment continues within the uterus until gestation is 
completed, at which time the uterus plays an active role in 
the delivery of the baby. 


Structure of the Uterus = The uterus is a hollow, thick- 
walled, muscular organ with the shape of an inverted pear. 
Although the shape and position of the uterus undergo enor- 
mous change during pregnancy (fig. 29.3), in its nonpreg- 
nant state it is about 7 cm (2.8 in.) long, 5 cm (2 in.) wide 
(through its broadest region), and 2.5 cm (1 in.) in diameter. 
The anatomical regions of the uterus include the uppermost 
dome-shaped portion above the entrance of the uterine 
tubes, called the fundus; the enlarged main portion, called 
the body; and the inferior constricted portion opening into 
the vagina, called the cervix (fig. 29.4). The uterus is lo- 
cated between the urinary bladder anteriorly and the rec- 
tum and sigmoid colon posteriorly. The fundus projects 
anteriorly and slightly superiorly over the urinary bladder. 
The cervix projects posteriorly and inferiorly, joining the 
vagina at nearly a right angle (see fig. 29.1). 

The uterine cavity is the space within the regions of 
the fundus and hody. The lumina of the uterine tubes open 
into the uterine cavity on the superior-lateral portions. The 
uterine cavity is continuous inferiorly with the cervical 
canal, which extends through the cervix and opens into the 
lumen of the vagina. The junction of the uterine cavity with 
the cervical canal ty called the isthmus of uterus, whereas 
the opening of the uterine cavity into the cavity of the 
vagina is called the uterine ostium. 


ectopic. Gk. ex. out, fopos, place 
fundus: L fundus, bottom 
cervix Lo cervin neck 
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The size and position of the uterus in a full-term pregnant woman 
in sagittal section. 


Support of the Uterus = The uterus is maintained in position 
by muscular support and ligaments that extend from the pelvic 
girdle or body wall to the uterus. Muscles of the perineum, 
especially the levator ani muscle (see fig. 13.13), provide the 
principal muscular support. The ligaments that support the 
uterus undergo marked hypertrophy during pregnancy, regress 
in size after parturition, and atrophy after menopause. 

Four paired ligaments support the uterus in Position 
within the pelvic cavity. The paired broad ligaments (fig. 
29.4) are folds of the peritoneum that extend from the pelvic 
walls and floor to the lateral walls of the uterus. The ovaries 
and uterine tubes are also supported by the broad ligaments. 
The paired rectouterine folds (not illustrated) are also con- 
tinuations of peritoneum that curve along the lateral pelvic 
wall on both sides of the rectum to connect the uterus to 
the sacrum. The cardinal (lateral cervical) ligaments (not il- 
lustrated) are fibrous bands within the broad ligament that 
extend laterally from the cervix and vavina across the pelvic 
floor, where they attach to the wall of the pelvis. The car- 
dinal ligaments contain some smooth muscle as well as ves- 
sels and nerves that supply the cervix and vagina. The fourth 
paired ligaments are the round ligaments. Each round liga- 
ment extends from the lateral border of the uterus yust below 
the point where the uterine tube attaches to the lateral 
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pelvic wall. Similar to the course taken by the ductus defer- 
entia in the male, the round ligaments continue through 
the inguinal canals of the abdominal wall, where they at- 
tach to the deep tissues of the labia majora. 


Uterine Wall The wall of the uterus is composed of three 
layers: the perimetrium, myometrium, and endometrium (fig. 
29.4). The perimetrium is the outer, thin serosal covering 
and a part of the peritoneum. The thick myometrium is 
composed of three poorly defined layers of smooth muscle 
arranged in longitudinal, circular, and spiral patterns. The 
myometrium ts thickest in the fundus and thinnest in the 
cervix. During parturition, the muscles of this layer are stim- 
ulated to contract forcefully. 

The endometrium (en “do-me ‘tre-um) is the inner mu- 
cosal lining of the uterus. The endometrium has two dis- 
tinct layers. The superficial stratum functionale, composed 
of columnar epithelium and containing secretory glands, is 
shed as menses during menstruation and built up again under 
the stamulation of ovarian steroid hormones. The deeper 
stratum basale is highly vascular and serves to regenerate 
the strarum functionale after each menstruation. 


menses: L. menses. plural of mensis, manthly 


= The uterus undergoes tremendous change during 
pregnancy. Its weight increases more than 16 times 
(from about 60 g to about 1000.g), and its capacity 
increases from about 2.5 ml to over 5000 ml. The 
principal change in the myometrium is a marked 
hypertrophy, or elongation, of the individual muscle cells to 
as much as 10 times their original length. There is some 
atrophy of the muscle cells after parturition, but the uterus 
never returns to its original size. 


Uterine Blood Supply and Innervation § The uterus is sup- 
plied with blood through the uterine arteries (fig. 29.5). 
Each pair of these two vessels anastomose on the upper lateral 
margin of the uterus. The blood from the uterus returns 
through uterine veins that parallel the pattern of the arteries. 

The uterus receives both sympathetic and Parasympa- 
thetic innervation from the pelvic and hypogastric plexuses. 
Both autonomic innervations serve the arteries of the uterus 
whereas the smooth muscle of the myometrium receives mi 
sympathetic innervation. 


Vagina 


The vagina (va-ji‘na) is the organ that receives sperm 
through the urethra of the erect penis during coitus. It also 
serves as the birth canal during parturition and provides for 
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the passage of menses to the outside. The vagina is a tubular 
organ about 9 cm (3.5 in.) long, passing from the cervix of 
the uterus to the vestibule. In its position between the uri- 
nary bladder and urethra anteriorly and the rectum poste- 
riorly, it is continuous with the cervical canal of the uterus. 
The cervix attaches to the vagina at a nearly 90 degree angle. 
The deep recess surrounding the protrusion of the cervix 
into the vagina is called the fornix (see fig. 29.4). The ex- 
terior opening of the yagina, at its lower end, is called the 
vaginal orifice. A thin fold of mucous membrane, called the 
hymen, may partially cover the vaginal orifice. 

The vaginal wall is composed of three layers: an inner 
mucosa, a middle muscularis, and an outer fibrous layer. 
The mucosal layer consists of stratified squamous epithe- 
lium, which forms a series of transverse folds called vagi- 
nal rugae (fig. 29.6). The vaginal rugae provide friction 
ridges for stimulation of the erect penis during sexual in- 
tercourse. They also permit considerable distension of the 
vagina to facilitate coitus. The mucosal layer contains few 
glands; the acidic mucus that is present in the vagina comes 
primarily from glands within the uterus. This acidic envi- 
ronment of the vagina retards microbial growth. The semen, 
however, temporarily neutralizes the acidity of the vagina to 
ensure the survival of the ejaculated sperm deposited within 
the vagina. 

The muscularis layer consists of longitudinal and cir- 
cular bands of smooth muscle interlaced with distensible 
connective tissue. The distension of this layer ts especially 
important during parturition, Skeletal muscle strands near 
the vaginal orifice, including the levator ant muscle 
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FIGURE 29.6 


The histology of a vaginal ruga. 


(see fig. 13.13), partially constrict this opening. The fibrous 
layer covers the vagina and attaches it to surrounding pelvic 
organs. This layer consists of dense regular connective tissue 
interlaced with strands of elastic fibers. 


hulva 


The external genitalia of the female are referred to collec- 
tively as the vulva (fig. 29.7). The structures of the vulva 
surround the vaginal orifice and include the mons pubis, 
labia majora, labia minora, clitoris, vaginal vestibule, 
vestibular bulbs, and vestibular glands. 


vulva L. volvere, to roll, wrapper 
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FIGURE 29.7 


The external female genitalia. 


The mons pubis is the subcutaneous pad of adipose 
connective tissue covering the symphysis pubis. At puberty, 
the mons pubis becomes covered with a pattern of coarse 
pubic hair that is somewhat triangular, usually with a hori- 
zontal upper border. The elevated and padded mons pubis 
cushions the symphysis pubis and vulva during coitus. 

The labia majora (labium majus, singular) are two 
thickened longitudinal folds of skin composed of adipose 
and loose connective tissues, as well as some smooth muscle. 
The labia majora are continuous anteriorly with the mons 
pubis, are separated longitudinally by the pudendal cleft, 
and converge again posteriorly on the perineum (per “T- 
ne‘um). They are also covered with hair and contain nu- 
merous sebaceous and sweat glands. The labia majora are 
homologous to the scrotum of the.male and function to en- 
close and protect the other organs of the vulva. 

Positioned close together between the labia majora are 
two smaller longitudinal folds called the labia minora (labium 
minus, singular). The labia minora are hairless but do con- 
tain sebaceous glands. Antertorly, the labia minora join to 
form the prepuce (pre ‘pyoos), or covering, of the clitoris. 
These inner folds of skin further protect the vaginal and ure- 
thral openings. 

The clitoris (klit‘or-is) is a small rounded projection at 
the upper portion of the pudendal cleft. The clitoris corre- 
sponds in structure and origin to the penis in the male; it 
is, however, smaller and has no urethra. Although most 
of the clitoris is embedded, it does have an exposed glans 
clitoris of erectile tissue that is richly innervated with sen- 


mons pubis: L_ mons, mountain; pubis, genital area 
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sory endings. The clitoris is about 2 cm (0.8 in.) long and 
0.5 cm (0.2 in.) in diameter. The unexposed portion of the 
clitoris is composed of two columns of erectile tissue called 
the corpora cavernosa that diverge posteriorly to form the 
crura and attach to the sides of the pubic arch. 

The vaginal vestibule is the longitudinal cleft enclosed 
by the labia minora. The openings for the urethra and vagina 
are located in the vaginal vesubule. The external opening of 
the urethra is about 2.5 cm (1 in.) behind the glans clitoris 
and immediately in front of the vaginal orifice. The vagi- 
nal orifice is lubricated during sexual excitement by secre- 
tions from paired major and minor vestibular (Bartholin’s) 
glands located within the wall of the region immediately 
inside the vaginal orifice. The ducts from these glands open 
into the vestibule near the lateral margins of the vaginal 
orifice. Bodies of vascular erectile tissue, called vestibular 
bulbs, are located immediately below the skin forming the 
lateral walls of the vestibule. The vestibular bulbs are sepa- 
rated from each other by the vagina and urethra and extend 
from the level of the vaginal orifice to the clitoris. 

The vulva has both sympathetic and parasympathetic 
innervation, as well as extensive somatic fibers that respond 
to sensory stimulation. Parasympathetic stimulation causes 
a response similar to that in the male: dilation of the arteri- 
ales of the genital erectile tissue and compression of the ve- 
nous return. 


Mechanism of Erection and Orgasm 


The homologous structures of the male and female repro- 
ductive systems respond to sexual stimulation in a similar 
fashion. The erectile tissues of a female, like those of a 
male, become engorged with blood and swollen during sex- 
ual arousal. During sexual excitement, the hypothalamus of 
the brain sends parasympathetic nerve impulses through 
the sacral segments of the spinal cord, which cause dila- 
tion of arteries serving the clitoris and vestibular bulbs. 
This increased blood flow causes the erectile tissues to 
swell. In addition, the erectile tissues in the areola of the 
breasts become engorged. 

Simultaneous with the erection of the clitoris and 
vestibular bulbs, the vagina expands and elongates to ac- 
commodate the erect penis of the male, and parasympathetic 
impulses cause the vestibular glands to secrete mucus near 
the vaginal orifice. The vestibular secretion moistens and 
lubricates the tissues of the vestibule, thus facilitating the 
penetration of the erect penis into the vagina during coitus. 
Mucus continues to be secreted during coitus so that the 
male and female genitalia do not become irritated as they 
would if the vagina became dry. 
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vestibule. L. vestibule, an entrance, court 
Bartholin’s glands: trom Casper Bartholin Jr., Danish anatomist, 1655-1738 


The position of the sensitive clitoris usually allows it to 
be stimulated during coitus. If stimulation of the clitoris is of 
sufficient intensity and duration, a woman will experience a 
culmination of pleasurable psychological and physiological 
release called orgasm. 

Associated with orgasm is a rhythmic contraction of 
the muscles of the perineum and the muscular walls of the 
uterus and uterine tubes. These reflexive muscular actions 
are thought to aid the movement of sperm through the fe- 
male reproductive tract toward the upper end of a uterine 
tube, where an ovum might be located. 


The ovaries contain a large number of follicles, each of which encloses 
an ovum. Some of these follicles mature during the ovarian cycle, and 
the ova they contain progress to the secondary oocyte stage of meiosis. 
At ovulation, the largest follicle breaks open to extrude a secondary 
oocyte from the ovary. The empty follicle then becomes a corpus 
luteum, which ultimately degenerates at the end of a nonfertile cycle. 


The ovaries of sexually mature females are solid, ovoid struc- 
tures about 3.5 cm (1.4 in.) long, 2 cm (0.8 in.) wide, and 1 
cm (0.4 in.) thick. On the medial portion of each ovary is a 
hilum, which is the point of entrance for ovarian blood ves- 
sels and nerves. The lateral portion of the ovary is positioned 
near the open ends of the uterine tube (see fig. 29.4). 


Position and Structure of the Ovaries 


The ovaries are positioned in the upper pelvic cavity on 
both lateral sides of the uterus. Each ovary is situated in a 
shallow depression of the posterior body wall and is secured 
by several membranous attachments. The principal sup- 
porting membrane of the female reproductive tract is the 
broad ligament. The broad ligament is the parietal peri- 
toneum that supports the uterine tubes and uterus. The 
mesovarium (mes “d-va ‘re-um) is a specialized posterior ex- 
tension of the broad ligament that attaches to an ovary. Each 
ovary is additionally supported by an ovarian ligament an- 
chored to the uterus and a suspensory ligament attached to 
the pelvic wall (see fig. 29.4). 

Each ovary consists of four layers. The superficial ep- 
ithelium (see fig. 29.10) is the thin, outermost layer com- 
posed of simple cuboidal epithelium. A collagenous 
connective tissue layer called the tunica albuginea (al “byoo- 
jin’e-&) is located immediately below the germinal epithe- 
lium. The principal substance of the ovary is divided into 
an outer ovarian cortex and an inner, vascular ovarian 
medulla, although the boundary between these layers is not 


Downloaded from Durr-e-Danish Library 


distinct. The stroma—the material of the ovary in which 
follicles and blood vessels are embedded—lies in both cor- 
tical and medullary layers. 

Blood is supplied by ovarian arteries that arise from 
the lateral sides of the abdominal aorta, just below the ori- 
gin of the renal arteries. An additional supply comes from 
the ovarian branches of the uterine arteries. Venous return 
is through the ovarian veins. The right ovarian vein empties 
into the inferior vena cava, whereas the left ovarian vein 
drains into the left renal vein. 


Ovarian Cycle 


The germ cells that migrate into the ovaries during early 
embryonic development multiply, so that at abour 5 months 
of gestation (prenatal life) the ovaries contain approximately 
6 to7 million oogonia. The production of new oogonia stops 
at this point and never resumes. again. Toward the end of 
gestation, the oogonia begin meiosis, at which time they are 
called primary oocytes (0°5-sitz) (fig. 29.8). Like sper- 
matogenesis in the prenatal male, oogenesis is arrested at 
prophase I of the first meiotic division. The primary oocytes 
are thus still diploid. The number of primary oocytes de- 
creases throughout a woman's reproductive years. The 
ovaries of a newborn girl contain about 2 million oocytes— 
all she will ever have. By the time she reaches puberty, this 
number has been reduced to 300,000 to 400,000. Oogenesis 
ceases entirely at menopause (the time ovulation and men- 
struation stop). 

Primary oocytes that are not stimulated to complete 
the first meiotic division are contained within tiny follicles, 
called primary follicles. Immature primary follicles consist 
of only a single layer of granulosa cells. In response to FSH 
stimulation, some of these oocytes and follicles get larger, 
and the follicular cells divide to produce numerous layers of 
granulosa cells that surround the oocyte and fill the follicle. 
Some primary follicles will be stimulated to grow still big- 
ger and develop a number.of fluid-filled cavities, called vesi- 
cles, at which time they are called secondary follicles (fig. 
29.8). Continued growth of one of these follicles will be ac- 
companied by the fusion of its vesicles to form a single, fluid- 
filled cavity called an antrum. At this stage, the follicle is 
known as a vesicular ovarian, or graafian, follicle. 

As the follicle develops, the primary oocyte completes 
its first meiotic division. This does not form two complete 
cells, however, because only one cell—the secondary 
oocyte—gets all the cytoplasm. The other cell formed at 
this time becomes a small polar body (fig. 29.9) that even- 
tually fragments and disappears. This unequal division of 
cytoplasm ensures that the ovum will be large enough to be- 
come a viable embryo should fertilization later occur. The 


stroma. Gk. stroma, a couch or bed 
graatian follicle: trom Reynier de Graaf, Dutch anatomist and physician 
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Photomicrographs of (a) primordial and primary follicles and (b) a mature vesicular 


ovarian (graafian) follicle. 


secondary oocyte then begins the second meiotic division, 
but meiosis is arrested at metaphase II. The second meiotic di- 
vision is completed only by an ovum that has been fertilized. 

The secondary oocyte, arrested at metaphase I, is con- 
tained within a vesicular ovarian follicle. The granulosa cells of 
the vesicular ovarian follicle form a ring around the circum- 
ference of the follicle and a mound that supports the secondary 
oocyte. This mound ts called the cumulus oophorus (o-of G-rus). 
The ring of granulosa cells surrounding the secondary oocyte ts 
known as the corona radiata. Between the oocyte and the corona 
radiata is a thin gellike layer of proteins and polysaccharides 
called the zona pellucida (p2-loo ‘si-da) (see fig. 29.8). 


cumulus oophorous. L. cumulus, a mound; Gk. oophoros, egg bearing 
zona pellucida: Gk. zone, girdle; L. pellis, skin; lucere. lo shine 
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Under the stimulation of FSH 
from the anterior pituitary, the gran- 
ulosa cells of the ovarian follicles se- 


Primary 
follicles 


crete increasing amounts of estrogen 
as the follicles grow. Interestingly, the 
granulosa cells produce estrogen from 
its precursor testosterone, which is 
supplied by cells of the theca interna 
layer, immediately outside the follicle 


(see fig. 29.8). 


Ovulation 


Usually, by about 10 to 14 days after 
the first day of menstruation, only one 
follicle has continued its growth to 
become a fully mature vesicular ovar- 
ian follicle (fig. 29.10); other sec- 
ondary follicles during that cycle 
regress and become atretic (d-tret ik). 
The vesicular ovarian follicle becomes 
so large that it forms a bulge on the 
surface of the ovary. Under proper 
hormonal stimulation, this follicle 
will rupture—much like the popping 
of a blister—and extrude its secondary 
oocyte into the peritoneal cavity near 
the opening of the uterine tube in the 
process of ovulation (fig. 29.11). 
The released cell is a secondary 
oocyte, surrounded by the zona pellu- 
cida and corona radiata. If it is not fer- 
tilized, it will degenerate in a couple 


Vesicle 


Follicular cells 


Antrum 


Corona radiata 


Zona pellucida 


of days. Ifa sperm cell passes through 
the corona radiata and zona pellucida 
and enters the cytoplasm of the sec- 
ondary oocyte, the oocyte will then 
complete the second meiotic division. 
In this process, the cytoplasm is again 
not divided equally; most of the cytoplasm remains in the 
zygote (fertilized egg), leaving another polar body which, like 
the first, degenerates (fig. 29.12). 

Changes continue in the ovary following ovulation. 
The empty follicle, under the influence of luteinizing hor- 
mone from the anterior pituitary, undergoes structural and 
biochemical changes to become a corpus luteum (“yellow 
body"). Unlike the ovarian follicles, which secrete only es- 
trogen, the corpus luteum secretes two sex steroid hormones: 
estrogen and progesterone. Toward the end of a nonfertile 


PTUTITITILITT TTT 
theca: Gk. theke, a box 

atretic: Gk. atrefos, not perforated 

corpus luteum: L. corpus, body; luteum, yellow 
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FIGURE 29.10 


An ovary containing follicles at different stages of development 
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Fimbriae of uterine tube 


FIGURE 29.11 


Ovulation from a human ovary. An ovulated oocyte is free in the 
peritoneal cavity until it enters the lumen of the uterine tube. 


cycle, the corpus luteum regresses and is changed into a non- 
functional corpus albicans (“white body”). These cyclic 
changes in the ovary are summarized in figure 29.13. 


Prturtary-Ovarian Rais 


The term pituitary-ovarian axis refers to the hormonal interactions 
between the anterior pituitary and the ovaries. The anterior 
pituitary secretes two gonadotropic hormones—follicle- 
stimulating hormone (FSH) and luteinizing hormone (LH)— 
that promote cyclic changes in the structure and function of 
the ovaries. The secretion of both gonadotropic hormones, as 
previously discussed, is controlled by a single releasing hormone 
from the hypothalamus—called gonadotropin-releasing 
hormone (GnRH)—and by feedback effects from hormones 
secreted from the ovaries. The nature of these interactions 
will be described in detail in the next section. 


albicans: L. a/bicare, to whiten 


FIGURE 29.13 

A schematic 

diagram of an 

ovary showing the 
various stages of ovum 
and follicle development. 
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FIGURE 29.12 

A schematic diagram of the process of oogenesis. During meiosis, 
each primary oocyte produces a single haploid gamete. If the 
secondary oocyte 1s fertilized, it forms a secondary polar body 
and becomes a zygote. 
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Since one releasing hormone can stimul 
tion of both FSH and LH, one might expect 
parallel changes in the secretion of the 
This, however, is not the case. During an early phase of the 
menstrual cycle FSH secretion is slightly greater than LH 
secretion, and just prior to ovulation LH secretion greatly 
exceeds FSH secretion. These differences are believed to be 
a result of the feedback effects of Ovarian sex steroids, which 
can change the amount of GnRH secreted, the pulse fre- 
quency of GnRH secretion, and the response of the 
rior pituitary to GnRH. These complex interactions 
a pattern of hormone secretion that regul 
the menstrual cycle. 
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result in 
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Menstrual Cycle 


Cyclic changes in the secretion of gonadotropic hormones from the 
anterior pituttary cause the ovarian changes during a monthly cycle. 
The ovarian cycle is accompanied by cyclic changes m the secretion of 
sex steroids, which interact with the hypothalamus and pituitary gland 
to regulate gonadotropin secretion. The cyclic changes m ovarian 
hormone secretion also cause changes in the endometrium of the uterus 
during a menstrual cycle. 


Humans, apes, and old-world monkeys have cycles of ovar- 
ian activity that repeat at approximately 1-month intervals; 
hence the name menstrual cycle (menstru = monthly). The 
term menstruation is used to indicate the periodic shedding of 
the stratum functionale of the endometrium, which becomes 
thickened prior to menstruation under stimulation by ovar- 
ian steroid hormones. In primates (other than new-world 
monkeys), this shedding of the endometrium is accompa- 
nied by bleeding. There is no bleeding, by contrast, when 
other mammals shed the endometrium; their cycles, there- 
fore, are not called menstrual cycles. 

In human females and other primates that have men- 
strual cycles, coitus may be permitted at any time in the 
cycle. Nonprimate female mammals, by contrast, are sexually 
receptive only at a particular time in their cycles (shortly 
before or shortly after ovulation). These animals are there- 
fore said to have estrous cycles. Bleeding occurs in some an- 
imals (such as dogs and cats) that have estrous cycles shortly 
before they permit coitus. This bleeding is a result of high es- 


trogen secretion and is not associated with shedding of the 


endometrium. The bleeding that accompanies menstrua~ 
tion, by contrast, is caused by a fall in estrogen and proges- 


terone secretion. 
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Phases of the Menstrual Cycle: Pituitary and Ovarian 


The average menstrual cycle has a duration of about28 days. 
Since it is a cycle, there is no heginning or end, and the 
changes that occur are generally gradual. It is convenient, 
however, to call the first day of menstruation “day_L” of the 
cycle because menstrual blood flow is the most obvious 
change to occur. It is also convenient to divide the cycle 
into phases based on changes that occur in the ovary and 
in the endometrium. The ovaries are in the follicular phase 
starting on the first day of menstruation and ending on the 
day of ovulation. After ovulation, the ovaries are in the 
luteal phase until the first day of menstruation. The cyclic 
changes that occur in the endometrium are called the men- 
strual, proliferative, and secretory phases and will be discussed 
separately. 


Follicular Phase = Menstruation lasts from day 1 to day 4 or 
5 of the average cycle. During this time, the secretions of ovar- 
ian steroid hormones are at their lowest ebb, and the ovaries 
contain only primordial and primary follicles. During the fol- 
licular phase of the ovaries, which lasts from day 1 to about day 
13 of the cycle (this is highly variable), some of the primary fol- 
licles grow, develop vesicles, and become secondary follicles. 
Toward the end of the follicular phase, one follicle in one ovary 
develops a fluid-filled antrum, reaches maturity, and becomes 
a mature vesicular ovarian follicle. As follicles grow, the gran- 
ulosa cells secrete an increasing amount of estradiol (the prin- 
cipal estrogen), which reaches its highest concentration in the 
blood at about day 12 of the cycle (2 days before ovulation). 

The growth of the follicles and the secretion of estradiol 
are stimulated by, and dependent upon, FSH secreted from 
the anterior pituitary. The amount of FSH secreted during 
the early follicular phase is believed to be slightly greater 
than the amount secreted in the late follicular phase (fig. 
29.14). FSH stimulates the production of FSH receptors in 
the granulosa cells, so that the follicles become increasingly 
sensitive to a given amount of FSH. This increased sensitiv- 
ity is augmented by estradiol, which also stimulates the pro- 
duction of new FSH receptors in the follicles. As a result, 
the stimulatory effect of FSH on the follicles increases de- 
spite the fact that FSH levels in the blood do not increase 
throughout the follicular phase. Toward the end of the fol- 
licular phase, FSH and estradiol also stimulate the produc- 
tion of LH receptors in the vesicular ovarian follicle. This 
prepares the vesicular ovarian follicle for the next major 
event in the cycle. 

The rapid rise in estradiol secretion from the granulosa 
cells during the follicular phase acts on the hypothalamus to 
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FIGURE 29.14 


The cycle of ovulation and menstruation. 


increase the frequency of GnRH pulses. In addition, estra- 
diol augments the ability of the pituitary gland to respond to 
GnRH with an increase in LH secretion. Asa result of this 
stimulatory, or positive feedback, effect of estradiol on the 
pituitary gland, there is an increase in LH secretion in the 
late follicular phase that culminates in an LH surge 
(fig. 29.14). 

The LH surge begins about 24 hours before ovulation 
and reaches its peak about 16 hours before ovulation. Ir is 
this surge that acts to trigger ovulation. Since GnRH stim- 
ulates the anterior pituitary to secrete both FSH and LH, 
there is a simultaneous, though smaller, surge in FSH secre- 
tion, Some investigators believe that this midcycle peak in 
FSH acts as a stimulus for the development of new follicles 
for the next month's cycle. 
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Ovulation Under the influence of FSH stimulation, the 
vesicular ovarian follicle grows so large that it becomes a 
thin-walled “blister” on the surface of the ovary. The growth 
of the follicle is accompanied by a rapid rate of increase in 
estradiol secretion. This rapid increase in estradiol, in turn, 
triggers the LH surge at about day 13. Finally, the surge in 
LH secretion causes the wall of the mature vesicular ovarian 
follicle to rupture at about day 14 (fig. 29.14 top). In ovu- 
lation, a secondary oocyte, arrested at metaphase IL of meio- 
sis, is released into the peritoneal cavity. The ovulated 
oocyte is still surrounded by a zona pellucida and corona ra- 
diata as it begins its journey to the uterus. 

Ovulation occurs, therefore, as a result of the sequen- 
tial effects of FSH followed by LH on the ovarian follicles. 
By means of the positive feedback effect of estradiol on LH 


FIGURE 29.15 


A corpus luteum ina human ovary. 


secretion, the follicle in a sense sets the time for its own 
ovulation. This is because ovulation 1s triggered by an LH 
surge, and the LH surge is triguered by increased estradiol 
secretion that occurs while the follicle grows. In this Way, 
the graafian follicle does not normally ovulate until it has 
reached the proper size and degree of maturation, 


Luteal Phase = After ovulation, as mentioned previously, 
the empty vesicular ovarian follicle is stimulated by LH to 
hecome a new structure—the corpus luteum (fig. 29.15). This 
change in structure ts accompanied by a change in function. 
Whereas the developing follicles secrete only estradiol, the 
corpus luteum secretes both estradiol and progesterone. Prog- 
esterone levels in the blood are negligible before ovulation 
but rise rapidly to reach a peak during the luteal phase, ap- 
proximately | week after ovulation (see fiz. 29.14). 

The combined high levels of estradiol and progesterone 
during the luteal phase exert a negative feedback inhibi- 
tion of FSH and LH secretion. This serves to retard devel- 
opment of new follicles, so that further ovulation does not 
normally gocur during that cycle. In this way, multiple ovu- 
lations (and possible pregnancies) on succeeding days of the 
cycle are prevented. 

High levels of estrogen and progesterone during the 
nonfertile cycle do not persist for very long, however, and 
new follicles do start to develop toward the end of one cycle, 
IN preparation for the next cycle. Estrogen and progesterone 
levels fall during the late luteal phase (starting about day 
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22) because the corpus luteum re- 
gresses and stops functioning. In 
lower mammals, the decline in cor- 
pus luteum function 1s caused by a 
hormone secreted by the uterus 
called luteolysin. There is evidence 


alysin in humans, but the exact 
mechanism of corpus luteum regres- 
sion in humans is still not well un- 
derstood. Luteolysis (breakdown of 
the corpus luteum) can be prevented 
by high LH secretion, but LH levels 
remain low during the luteal phase 
as a result of negative feedback in- 
hibition by ovarian steroids. In a 
sense, therefore, the corpus luteum 
Causes its own demise. 

With the declining function of 
the corpus luteum, estrogen and 
progesterone fall to very low levels 
by day 28 of the cycle. The with- 
drawal of ovarian steroids causes 
menstruation and permits a new cycle of ovarian follicle de- 
velopment to progress. 


Cycle Changes in the Endometrium 


In addition to a description of the female cycle in terms of 
the phases of ovarian function, the cycle can also be de- 
scribed in terms of the changes that occur in the en- 
domeurium. Three phases can be identified on this basis (fig. 
29.14 bottom): (1) the proliferative phase, (2) the secretory 
phase, and (3) the menstrual phase. 

The proliferative phase of the endometrium occurs 
while the ovary is in its follicular phase. The increasing 
amount of estradiol secreted by the developing follicles stim- 
ulates growth (proliferation) of the stratum tunctionale of 
the endometrium. In humans and other primates, spiral ar- 
teries develop in the endometrium during this phase. Estra- 
diol may also stimulate the Production of receptor proteins 
for progesterone at this time, in Preparation for the next 
phase of the cycle. 

The secretory phase of the endometrium occurs when 
the ovary ts in its luteal phase. In this phase, increased pro- 
kesterone secretion stimulates the development of mucous 
glands. As a result of the combined actions of estradiol and 
progesterone, the endometrium becomes thick, vascular, and 
spongy in appearance and the uterine glands become en- 
gorged with glycogen during the tame of the cycle following 
ovulation. The endometrium is therefore well prepared to 
accept and nourish an embryo if fertilization should occur. 


to suggest that prostaglandin F2q (see 
chapter 19) may function as lute- ’ 
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The menstrual phase occurs as a result of the fall in 
ovarian hormone secretion during the late luteal phase. 
Necrosis (cellular death) and sloughing of the stratum func- 
uionale of the endometrium ts produced by constriction of 
the spiral arteries. This vasoconstriction is believed to be 
caused by prostaglandin Fea, produced in the uterus but pre- 
vented from acting by the previously high levels of proges- 
terone. The tall in estrogen and progesterone at the late 
luteal phase thus sets in motion the events that lead to men- 
struation. The phases of the menstrual cycle are summarized 
in figure 29.16 and in table 29.1. 

The cyclic changes in ovarian secretion cause other 
cyclic changes in the female genital ducts. High levels of 
estradiol secretion, for example, result in cornification of 
the vaginal epithelium (the upper cells die and become 
filled with keratin). High levels of estradiol also cause the 
production of a thin, watery cervical mucus, which can be 
easily penetrated by spermatozoa. During the luteal phase 
of the cycle, the high levels of progesterone cause the cer- 
vical mucus to become thick and sticky after ovulation has 
occurred. 


= Cyclic changes tn eyarian hormone secretion also 

cause cyclic changes in basal body temperature. In 

the rhythm method of birth control, a woman 

measures her ora! basal body temperature upon 
waking to determine when ovulation has occurred. On the 
day of the LH peak. when estradiol secretion begins to 
decline, there is a slight drop in basal body temperature. 
Starting about | day after the LH peak, the basal body 
temperature sharply rises as a result of progesterone 
secretion and remains elevated throughout the luteal phase 
of the cycle (fig. 29.17). The day of ovulation can be accurately 
determined by this method, making the method useful in 
increasing fertility if conception 1s desired. Since the day of 
the cycle on which ovulation occurs is quite variable in many 
women, however, the rhythm method is not very reliable for 
preventing conception by predicting when the next ovulation 
will occur. The contraceptive pill is a statistically more 


effective means of birth control. 


Contraceptive Pil 


About 10 million women in the United States and 60 mil- 
lion women worldwide are currently using oral contracep- 
tives. These contraceptives usually consist of a synthetic 
a synthetic progesterone in the form 


estrogen combined with 
after the 


of pills that are taken once each day for 3 weeks | 
last day of a menstrual period. This procedure causes an im- 
mediate increase in blood levels of ovarian steroids (from 
the pill), which ts maintained for the normal duration ofa 
monthly cycle. As a result of negative feedback inhibition of 
gonadotropin secretion, ovulation never OCCUTS. The entire 
cycle 1s like a false luteal phase, with high levels of proges- 
terone and estrogen and low levels of gonadotropins. 
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The sequence of events in the endocrine control of the ovarian 
cycle in context of the phases of the endometrium during the 
menstrual cycle 


Since the contraceptive pills contain ovarian steroid 
hormones, the endometrium proliferates and becomes se- 
cretory just as it does during a normal cycle. In order to pre- 
vent an abnormal growth of the endometrium, women stop 
taking the steroid pills after 3 weeks (placebo pills are taken 
during the fourth week). This causes estrogen and proges- 
terone levels to fall, permitting menstruation to occur. 

The side effects of earlier versions of the birth control 
pill have been reduced through a decrease in the content of es- 
trogen and through the use of newer generations of progesto- 
gens (analogues of progesterone). The newer contraceptive 
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Table 04.1 }, Bieses of the mensirugke ator 


Phase of cycle 


Hormonal changes 


Ovarian Endometrial _ Pituitary Ovarian 
_ Follicular Menstrual FSH and LH Estradiol and 
(days 1-4) secretion low 


— 37.0 

9 
_2 
53 36.6 

oOo 

a 

3 

= 36.2 


Days from LH peak -—14-12 -10 -8 -6 -4 -2 0 +2 +4 
Cycleday 0 2 4 6 8 10 12 14 16 18 


FIGURE 29.17 


Changes in basal body temperature during the menstrual cycle. 


pills are very effective and have a number of beneficial side 
effects, including a reduced risk endometrial and ovarian 
cancer, reduced risk of cardiovascular disease, and a reduc- 
tion in osteoporosis. However, there may be an increased 
risk of breast cancer, and possibly cervical cancer, with oral 
contraceptives. The current consensus is that the health 
benefits of oral contraceptives outweigh the risk. 

Newer systems for delivery of contraceptive steroids 
are designed so that the steroids are not taken orally, and as 
a result do not have to pass through the liver before entering 
the general circulation. (All drugs taken orally pass from 
the hepatic portal vein to the liver before they are delivered 
to any other organ; see chapter 26.) This permits lower doses 
of hormones to be effective. Such newer systems include 
a subdermal implant (see fig. 29.25h), which need only be 
replaced after five years, and vaginal rings, which can be 
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worn for three weeks. The long- 
term safety of these newer meth- 
ods is not yet established. 


Menopause 


The term menopause means liter- 
ally “pause in the menses” and 
refers to the cessation of ovarian 
activity that occurs at about 
the age of.50. During the post- 
menopausal years, which account 
for about a third of a woman's life span, no new ovarian folli- 
cles develop and the ovaries stop secreting estradiol. This ter- 
mination of estradiol secretion is due to changes in the ovaries, 
not in the pituitary gland; indeed, FSH and LH secretion by 
the pituitary gland is elevated due to the absence of negative 
feedback inhibition from estradiol. As in prepubertal boys 
and girls, the only estrogen found in the blood of post- 
menopausal women is that formed by conversion of the weak 
androgen androstenedione, secreted principally by the adrenal 
cortex, into a weak estrogen called estrone. 

It is the withdrawal of estradiol secretion from the 
ovaries that is primarily responsible for the symptoms of 
menopause. These include vasomotor disturbances and uro- 
gential atrophy. Vasomotor disturbances produce the hor 
flashes of menopause, where a fall in core body temperature 
is followed by feelings of heat and profuse perspiration. 
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Atrophy of the urethra, vaginal wall, and vaginal glands occur, 
with loss of lubrication. There is also increased risk of athero- 
sclerotic cardiovascular disease (see chapter 18) and increased 
progression of osteoporosis (see chapter 8). These changes can 
be reversed, to a significant degree, by estrogen treatments. 


The structure and function of the mammary glands is dependent on the 
action of a number of hormones. The secretion of prolactin and 
oxytocin is directly required for the production and delivery of milk to a 


suckling infant. 


In structure, the mammary glands, located in the breasts, 
are modified sweat glands and part of the integumentary 
system (see chapter 7). In function, however, these glands 
are associated with the reproductive system because they 
secrete milk for the nourishment of the young. The size and 
shape of the breasts vary widely from person to person he- 
cause of differences in genetic makeup, age, and percent- 
age of body fat. At puberty, estrogen from the ovaries 


Lactiferous sinus 


M 
Lactiferous a 


duct 


FIGURE 29.18 

The structure of the breast and mammary 
glands. (a) A sagittal section; (b) an anterior 
(b) view partially sectioned. 


stimulates growth of the mammary glands and the deposi- 
tion of adipose tissue within the breasts. Mammary glands 
hypertrophy in pregnant and lactating women and usually 
atrophy somewhat after menopause. 


structure of the Breasts and Mammary Glands 


Each breast is positioned over ribs 2 through 6 and overlies 
the pectoralis major muscle and portions of the serratus an- 
terior and external oblique muscles (fig. 29.18). The medial 
boundary of the breast is over the lateral margin of the ster- 
num, and the lateral margin of the breast is along 
the anterior border of the axilla. The axillary process of the 
breast extends upward and laterally toward the axilla, where 
it comes into close relationship with the axillary vessels. 
This region of the breast is clinically significant because of 
the high incidence of breast cancer within the lymphatic 
drainage of the axillary process. 

Each mammary gland is composed of 15 to 20 lobes, 
divided by adipose tissue. Each lobe has its own drain- 
age pathway to the outside. The amount of adipose tissue 
determines the size and shape of the breast but has nothing 
to do with the ability of a woman to nurse. Each lobe is 
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subdivided into lobules, which contain the 
oli that secrete the milk of a | 
ligaments (of Cooper) betwee 
skin to the deep fascia overlying the pectoralis muscle and 
support the breasts. The clustered alveoli secrete milk into a 
series of mammary ducts, which in turn converge to form 
lactiferous (lak-tif‘er-us) ducts. The lumen of each lactifer- 
ous duct expands just deep to the surf, 
form a lactiferous sinus, where 
it drains at the tip of the nipple. 

The nipple is a cylindrical projection containing some 
erectile tissue. A circular pigmented areola (&-re 5-1%) sur- 
rounds the nipple. The surface of the areola may appear 
rough because of the presence of sebaceous areolar glands 
close to the surface. The secretions of the areolar glands 
keep the nipple pliable. The color of the areola and nipple 
varies according to the complexion of the woman and 
whether or not she is pregnant. During pregnancy, the are- 
ola becomes darker and enlarges somewhat, presumably to 
become more conspicuous to a nursing infant. 


glandular alve- 
actating female. Suspensory 
n the lobules extend from the 


ace of the nipple to 
milk may be stored before 


= Lymphatic drainage and the location of lymph nodes 
\ within the breast are of considerable clinical 

importance because of the frequency of breast cancer 

and the high incidence of metastases. About 75% of 
the lymph drains through the axillary process of the breast 
into the axillary lymph nodes. Some 20% of the lymph passes 
toward the sternum to the internal thoracic lymph nodes. The 
remaining 5% of the lymph is subcutaneous and follows the 
lymph drainage pathway in the skin toward the back, where 
it reaches the intercostal nodes near the neck of the ribs. 


lactation 


The changes that occur in the mammary glands during preg- 
nancy and the regulation of lactation provide excellent 
examples of hormonal interactions and neuroendocrine 


ligaments of Cooper: from Sir Astley P. Cooper, English anatomist and surgeon, 
1768-1841 
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FIGURE 29.19 

The hormonal control of mammary gland development during 
pregnancy and lactation. Note that milk production is prevented 
during pregnancy by estrogen inhibition of prolactin secretion. 
This inhibition is accomplished by the stimulation of PIH 
(prolactin-inhibiting hormone) secretion from the hypothalamus. 


regulation (table 29.2). Growth and development of the 
mammary glands during pregnancy requires the permissive 
actions of insulin, cortisol, and thyroid hormones; in the 
presence of adequate amounts of these hormones, high lev- 
els of progesterone stimulate the development of the mam- 
mary alveoli and estrogen stimulates proliferation of the 
tubules and ducts (fig. 29.19). 

The production of milk proteins, including casein and 
lactalbumin, is stimulated after parturition by prolactin, a 
hormone secreted by the anterior pituitary. The secretion 
of prolactin is controlled primarily by prolactin-inhibiting hor- 
mone (PIH), which is believed to be dopamine, produced 
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FIGURE 29.20 


Lactation occurs in two stages: milk production (stimulated by 


Responses 


prolactin) and milk ejection (stimulated by oxytocin). The stimulus 
of suckling triggers a neuroendocrine reflex that results in 
increased secretion of oxytocin and prolactin. 


by the hypothalamus and secreted into the hypothalamo- 
hypophyseal portal blood vessels (see fig. 19.7). The secretion 
of PIH as stimulated by high levels of estrogen. In addition, 
high levels of estrogen act directly on the mammary glands to 
hlock their stimulation by prolactin. During pregnancy, con- 
sequently, the high levels of estrogen prepare the breasts for 
lactation bur prevent prolactin secretion and action. 

After parturition, when the placenta ts eliminated, de- 
clining levels of estrogen are accompanied by an increase in the 
secretion of prolactin. Milk production is therefore stimulated. 


<a {a woman does not wish to breast feed her baby, she 
may take oral estrogens to inhibit prolactin secretion. 
A different drug commonly given in these 
circumstances, and in other conditions in which it is 
desirable to inhibit prolactin secretion, 1s bromocriptine This 
drug binds to dopamine receptors, and thus promotes the 
action of dopamine The fact that this achon inhibits prolactin 
secretion olfers additional evidence that dopamine may 
function as the prolactin inhibiting hormone (PIH) 


The act of nursing helps to maintain high levels of pro- 
a neurvendocrine reflex (fig. 29.20). Sen- 


lactin secretion Via 
activated by the stimulus of 


sory endings in the breast, 
suckling, relay umpulses to the hypothalamus and inhibse 
the secretion of PIH. There ts also indirect evidence that 
kling may cause the secretion at 4 polacun- 
but this is controversial. Suckling thus re- 
h levels of prolactin, which 


the stimulus of suc 
releasing horm mc, 
sults in the reflex secretion of hig 
secretion of milk from the alveoli into the 


promotes the 
by to get the milk, however, the 


ducts. In order for the ba 
action of another hormone ty needed 

The stimulus of suckling also results in the reflex 
secretion of oxytocin from the posterior pituitary. This 


hormone is produced in the hypothalamus and stored 


in the posterior pituitary; its secretion results in the milk- 


ejection reflex, or milk letdown. Oxytocin nor only stum- 
ulates contraction of the lactiferous ducts, but also 
contraction of the uterus (which explains why women who 
breast feed regain uterine muscle tone faster than those 
who do not). 

Milk lerdown can become a conditioned reflex in 
response to visual or auditory cues; the crying of a baby 
can elicit oxytocin secretion and the milk-eyection reflex. 
On the other hand, this reflex can be suppressed by the 
adrenergic effects produced in the fight-or-flight reaction. 
Thus, if a woman becomes nervous and anxious while breast 
feeding, her milk will be produced but it will not flow 
(there will be no milk letdown). This can cause increased 
pressure, intensifying her anxiety and frustration and 
further inhibiting the milk-ejection reflex. It is therefore 
important for mothers to nurse their babies in a quiet and 
calm environment. 

Breast feeding, acting through reflex inhibition of 
GnRH secretion, can inhibit the secretion of gonadotropins 
from the mother’s anterior pituitary and thus inhibit ovula- 
tion. Breast feeding 1s a natural contraceptive mechanism 
that helps to space births. This mechanism appears to be 
most effective in women with limited caloric intake who 
breast feed their babies at frequent intervals throughout the 
day and night. In the traditional societies of the less indus- 
trialized nations, therefore, breast feeding 1s an effective 
contraceptive. It has much less of a contraceptive effect in 
women who are well nourished and who breast feed their 
babies at more widely spaced intervals. 


uF ipa Bilt r + 
Clinical Considerations 


Females are more prone to dysfunctions and diseases of the 


reproductive organs than are males because of cyclic 
changes in reproductive events, problems associated with 
pregnancy, and the suscepubthty of the female breasts to 
infections and neoplasms. The termination of reproduc- 
tive capabilities at menopause can also cause Complica- 
tions due to hormonal alterations. Gynecology is the 
specialty of medicine concerned with dysfunction and 
diseases of the female reproductive system, whereas ob- 
stetrics is the specialty dealing with pregnancy and child- 
birth. Frequently a physician will specialize in both 
obstetrics and gynecology (OBGYN). 

A comprehensive discussion of the numerous clinical 
aspects oft the female reproductive system is beyond the scope 
of this text. Only the most important conditions are dis- 
cussed in the following sections, along with a description of 
the more popular methods of birth control. 
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f ; Although the genetic sex 

. ‘is determined at 
fertilization (XX for females and XY for 
males), both sexes develop similarly 
through the indifferent stage of the 
eighth week. The gonads of both sexes 
develop from gonadal ridges, and the 
genital tubercle develops during the 
sixth week as an external swelling, 

The ovaries develop more slowly than 
do the testes. Ovarian development 
begins at about the tenth week when 
primordial follicles begin to form within 

. the medulla of the gonads. Each of the 
primordial follicles consists of an 

“ eogonium (0 “0-¥o ‘ne-um) surrounded 
by a layer of follicular cells. Mitosis of 
the oogonia occurs during fetal 
development, so that thousands of germ 
cells are formed. Unlike the male 
reproductive system, in which 
spermatogonia are formed by mitosis 
throughout life, all oogonia are formed 

* prenatally and their number 
‘continuously decreases after birth 

The uterus and uterine tubes develop 

from a pair of embryonic tubes called 
~ the paramesonephric (miullerian) ducts, 
- which are so called because they are 
“located to the sides of the mesonephric 
~~ ducts (which form temporary embryonic 
kidneys). As the mesonephric kidneys 
‘~ degenerate (chapter 25), the lower 
» portions of the paramesonephric ducts 
*~ fuse to form the uterus, and the upper 
ie poems give rise to the uterine tubes. As 


follicle: L. diminutive of follis, bag ‘ 
~_90gonium: Gk. olan, egg: gonos, procreation 
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Table | 


Homologous reproductive organs 
and the undifferentiated 
structures from which 


they develop 
Indifferent stage Male Female 
Gonads Testes Ovaries ‘ 
Urogenital groove Membranous urethra — Vestibule 
’ Genital tubercle Glans penis Clitoris inks 
| Urethral folds Spongy urethra Labia hee oF 


_Labioscrotal rial Scrotum — iS 


described in chapter 28, if the embryo is 
male the paramesonephric ducts 
degenerate due to secretion of miillerian 
inhibition factor from the testes. 

A thin membrane called the hymen 
forms to separate the lumen of the 
vagina from the urethral sinus. The 
hymen usually is perforated during later 
fetal development. 

The external genitalia of both sexes 
appear the same during the indifferent 
stage of the eighth week. A prominent 
phallus (fa/‘us) forms from the genital 
tubercle, and a urethral groove forms on 
the ventral side of the phallus. As 
described in chapter 28, the phallus 


ee eeenarece < 


hymen: Gk. (mythology) Shey ve of maine 


becomes the penis in a male and the 
smaller clitoris in a female. Paired 

urethral folds surround the urethral 

groove on the lateral sides. In a male, 

these fuse to form the urethra of the 

penis; in a female, the urethral folds - 
remain unfused and form the inner labia. 
minora. Similarly, the labiosacral ; 
swellings in a male fuse to form the or 
scrotum; in a female, these remain here et 
unfused and form the prominent labia 
majora. The male and female structures 
that share a common embryological 
origin are said to be homologous 
structures (table 1). 


Diagnostic Procedures 


A gynecological, or pelvic, examination ts generally given in 
a thorough physical examination, especially prior to mar- 
nage, during pregnancy, or if problems involving the re- 
productive organs are suspected. Ina gynecological 
examination, the physician inspects the vulva for irritations, 


lesions, or abnormal vaginal discharge and palpates the vulva 
and internal organs. Most of the internal organs can be pal- 
pated through the vagina, especially at they are enlarged or 
tender. Inserting a lubricated speculum into the vagina al- 
lows visual examination of the cervix and vaginal walls. A 
speculum ts an instrument for opening or distending a body 
opening to permit visual inspection. 
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FIGURE 29.21 


A hysterosalpingogram showing the cavity of the uterus and lumina of the uterine tubes. 


Path of egg 


Uterine tubes 


FIGURE 29.22 


Tubal ligation involves removal of a portion of each uterine tube. 


In special cases, it may be necessary to examine the 
cavities of the uterus and uterine tubes by hysterosalpingog- 
raphy (his “ter-o-sal “ping-gog Ta-fe) (fig. 29.21). This tech- 
nique involves injecting a radiopaque dye into the 
reproductive tract. The patency of the uterine tubes, irreg- 
ular pregnancies, and various types of tumors may be 
detected using this technique. A laparoscopy (lap “a-ros ‘ki- 
pe) permits in yivo visualization of the internal reproduc- 
tive organs. The laparoscope may be inserted via the 
umbilicus, a small incision in the lower abdominal wall, 
or through the posterior fornix of the vagina into the 
rectouterine pouch. Although a laparoscope ts used primar- 
ily in diagnosis, it can be used when performing a tubal liga- 
tion (fig. 29.22), which is a method of sterilizing a female 
by tying off the uterine tubes. 
wuldaVodeeues covsscussatsetesewseses 


hysterosalpingography: Gk. hysfera, uterus, salpinx, trumpet (uterine tube); graphein, 
to record 


One diagnostic proce- 
dure that should be routinely 
performed by a woman ts a 
breast self-examination (BSE) 
(see page 895). The impor- 
tance of a BSE is not to pre- 
vent diseases of the breast 
but to detect any problems 
before they become serious. 
A BSE should be performed 
monthly, | week after the 
cessation of menstruation so 
that the breast will not be 
swollen or especially tender. 

Another important di- 
agnostic procedure is a Pa- 
panicolaou (Pap) smear. The Pap smear permits microscopic 
examination of cells covering the tip of the cervix. Samples 
of cells are obtained by gently scraping the surface of the 
cervix with a specially designed wooden spatula. Women 
should have routine Pap smears for the early detection of 
cervical cancer. 


Problems Involving the Ovaries and Uterine lubes 


Most ovarian neoplasms are nonmalignant ovarian cysts lined 
by cuboidal epithelium and filled with a_serous albuminous 
fluid. These tumors may frequently be palpated during a gy- 
necological examination and may require surgical removal if 
they exceed about 4 cm (1.5 in.) in diameter. They are gen- 
erally removed as a precaution because it is impossible to de- 
termine by palpation whether the mass is malignant or benign. 

Ovarian tumors, which generally occur in women over 
the age of 60, may reach massive size. Ovarian tumors of 5 kg 
(14 Ibs) are not uncommon, and ovarian tumors of 110 kg 
(300 Ibs) have been reported. Some ovarian tumors produce 
estrogen and thus cause feminization in elderly women, in- 
cluding the resumption of menstrual periods. The prognosis 
for women with ovarian tumors varies depending on the 
type of tumor, whether or not it is malignant, and if it is, 
the stage of the cancer. 

Two frequent problems involving the uterine tubes are 
salpingitis and ectopic pregnancies. Salpingitis is an in- 
flammation of one or both uterine tubes. Infection of the 
uterine tubes 1s generally caused by sexually transmitted dis- 
ease, although secondary bacterial infections from the vagina 
may also cause salpingitis. Salpingitis may cause sterility if 
the uterine tubes become occluded. 

Ectopic pregnancy results from implantation of the 
blastocyst in a location other than the body or fundus of the 


Lumen of uterine tube 


into peritoneal cavity 


Cavity of uterus 


Application tube for 
hysterosalpingogram 


Pap smear: from George N Papanicolaou, American anatomist and physicia' 
1883-1962 men 
neoplasm: Gk. neos, new; plasma, something formed 


Downloaded from Durr-e-Danish Library 


uterus. The most frequent ectopic site is in the uterine tube, 


where an implanted blastocyst causes what is commonly 
called a tubular pregnancy (see fig. 30.33). One danger of a 
tubular pregnancy is the e 


nlargement, rupture, and subse- 
quent hemorrhage of the 


uterine tube where implantation 
has occurred. A tubular Pregnancy is frequently treated by re- 
moving the affected tube. 

Infertility, or the in 


ability to conceive, is a clinical 
problem that may involve 


the male or female reproductive 
system. Based on the number of people who seek help for 
this problem, it is estimated that 10% to 15% of couples 
have impaired fertility. Generally, when a male is infertile, it 
is because of inadequate sperm counts. Female infertility is 
frequently caused by an obstruction of the uterine tubes or 
abnormal ovulation. 

Polycystic ovarian syndrome is characterized by 
chronic anovulation (lack of ovulation) combined with hir- 
sutism (hairiness). The ovulation failure is due to hormone 
disturbances that originate elsewhere. The hirsutism is pro- 
duced by abnormally high secretion of androgens from the 
ovary. Progesterone therapy or birth control pills are gener- 
ally used for treatment. Fertility drugs, such as Clomid, may 
also be used to stimulate ovulation in women with polycys- 
tic disease who want to become pregnant. 


Problems Involving the Uterus 


Abnormal menstruations are among the most common dis- 
orders of the female reproductive system. Abnormal men- 
struations may be directly related to problems of the 
reproductive organs and pituitary gland or associated with 
emotional and psychological stress. 

Amenorrhea (a-men-6-re “&) is the absence of men- 
struation and can be categorized as normal, primary, or sec- 
ondary. Normal amenorrhea follows menopause, occurs 
during pregnancy, and in some women may occur during lac- 
tation. Primary amenorrhea is the failure to have menstru- 
ated by the age at which menstruation normally begins. 
Primary amenorrhea is generally accompanied by failure of 
the secondary sex characteristics to develop. Endocrine dis- 
orders may cause primary amenorrhea and abnormal devel- 
opment of the ovaries or uterus. 

Secondary amenorrhea is the cessation of menstrua- 
tion in women who previously have had normal menstrual 
periods and who are not pregnant and have not gone 
through menopause. Various endocrine disturbances, as well 
as psychological factors, may cause secondary amenorrhea. It 
is not uncommon, for example, for young women who are 
in the process of making mayor changes or adjustments in 
their lives to miss menstrual periods. Secondary amenorrhea 
is also frequent in female athletes during periods of intense 
training. A low percentage of body fat may be a contributing 
factor. Sickness, fatigue, poor nutrition, or emotional stress 
may also cause secondary amenorrhea. 
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Dysmenorrhea is painful or difficult menstruation that 
may be accompanied by severe menstrual cramps. The causes 
of dysmenorrhea are not totally understood but may include 
endocrine disturbances (inadequate progesterone levels), a 
faulty position of the uterus, emotional stress, or some type 
of obstruction that prohibits menstrual discharge. 

Abnormal uterine bleeding includes menorrhagia 
(men “b-ra ‘je- 4), or excessive bleeding during the menstrual 
period, and metrorrhagia, or spotting between menstrual 
periods. Other types of abnormal uterine bleeding are men- 
struations of excessive duration, too frequent menstruations, 
and postmenopausal bleeding. These abnormalities may be 
caused by hormonal irregularities, emotional factors, or var- 
ious diseases and physical conditions. 

Uterine neoplasms are an extremely common prob- 
lem of the female reproductive tract. Most of the neoplasms 
are benign and include cysts, polyps, and smooth muscle tu- 
mors (leiomyoma). Any of these conditions may provoke 
irregular menstruations and may cause infertility if the neo- 
plasms are massive. 

Cancer of the uterus is the most common malig- 
nancy of the female reproductive tract. The most com- 
mon site of uterine cancer is the cervix (fig. 29.23), 
Cervical cancer is second only to cancer of the breast in 
frequency of occurrence and is a disease of young women 
(ages 30 through 50), especially those who have had 
frequent intercourse with multiple partners during their 
teens and onward. If detected early through regular Pap 
smears, the disease can be cured before it metastasizes. 
The treatment of cervical cancer depends on the stage 
of the malignancy and the age and health of the woman. 
In the case of women for whom future fertility is not an 
issue, a hysterectomy (surgical removal of the uterus) is 
usually performed. 

Endometriosis is a condition characterized by the 
presence of endometrial tissues at sites other than the inner 
lining of the uterus. Frequent sites of ectopic endometrial 
cells are on the ovaries, outer layer of the uterus, abdomi- 
nal wall, and urinary bladder. Although it is not certain 
how endometrial cells become established outside the 
uterus, it is speculated that some discharged endometrial 
tissue might be flushed backward from the uterus and 
through the uterine tubes during menstruation. Women 
with endometriosis will bleed internally with each men- 
strual period because the ectopic endometrial cells are stim- 
ulated along with the normal endometrium by ovarian 
hormones. The most common symptoms of endometniosis 
are extreme dysmenorrhea and a feeling of fullness during 
each menstrual period. Endometriosis can cause infertil- 
ity. It is most often treated by suppressing the endometrial 
tissues with oral contraceptive pills or by surgery. An 
gophorectomy, of removal of the ovaries, may be necessary 
in extreme Cases. 


Female Reproductive System 


Chapter Twenty-Nine 


ce ed e Bi te ~s + ~s 
Nonmalignant Malignant 4 
Qy : “ 
Ectopic tubal ~~ — i athe 
‘, Pregnancy. 


| Cervical polyp 


*@) 

Z . 
. 

4 


4 


hee te 
~ 


= 
. 


es cha aaah Td 


FIGURE 29.23 


Sites of various conditions and diseases of the female 
reproductive tract, each of which could cause an abnormal 


discharge of blood. 


Diseases of the Vagina and Vulva 


Pelvic inflammatory disease (PID) is a general term for in- 
flammation of the female reproductive organs within the 
pelvis. The infection may be confined to a single organ, or it 
may involve all the internal reproductive organs. The 
pathogens generally enter through the vagina during coitus, 
induced abortion, childbirth, or postpartum. 

The vagina and vulva are generally resistant to infec- 
tion because of the acidity of the vaginal secretions. Occa- 
sionally, however, localized infections and inflammations 
do occur; these are termed vaginitis, if confined to the 
vagina, or vulvovaginitis, if both the vagina and external 
genitalia are affected. The symptoms of vaginitis are a dis- 
charge of pus (leukurthea) and itching (pruritus). The two 
most common organisms that cause vaginitis are the proto- 
zoan Trichomonas vaginalis and the fungus Candida albicans. 
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Diseases of the Breasts and Mammary blands 


The breasts and mammary glands of females are highly sus- 
ceptible to infections, cysts, and tumors. Infections involv- 
ing the mammary glands usually follow the development of 
a dry and cracked nipple during lactation. Bacteria enter 
the wound and establish an infection within the lobules of 
the gland. During an infection of the mammary gland, a 
blocked duct frequently causes a lobe to become engorged 
with milk. This localized swelling is usually accompanied 
by redness, pain, and fever. Administering specific antibi- 
otics and applying heat are the usual treatments. 

Nonmalignant cysts are the most frequent diseases of 
the breast. These masses are generally of two types, neither 
of which is life threatening. Dysplasia (fibrocystic disease) 
is a broad condition involving several nonmalignant dis- 
eases of the breast. All dysplasias are benign neoplasms of 
various sizes that may become painful during or prior to men- 
struation. Most of the masses are small and remain unde- 
tected. Dysplasia affects nearly 50% of women over the age 
of 30 prior to menopause. 

A fibroadenoma (fi “bro-ad-é-no-m@) is a benign tumor 
of the breast that frequently occurs in women under the age of 
35. Fibroadenomas are nontender, rubbery masses that are 
easily moved about in the mammary tissue. A fibroadenoma 
can be excised in a physician's office under local anesthetics. 

Carcinoma of the breast is the most common malig- 
nancy in women. One in nine women will develop breast 
cancer and one-third of these will die from the disease. 
Breast cancer is the leading cause of death in women be- 
tween 40 and 50 years of age. Men are also susceptible to 
breast cancer, but it is 100 times more frequent in women. 
Breast cancer in men is usually fatal. 

The causes of breast cancer are not known, but women 
who are most susceptible are those who are over age 35, who 
have a family history of breast cancer, and who are nulli- 
parous (never having given birth). The early detection of 
breast cancer is important because the progressed state of 
the disease will determine the treatment and prognosis. 

Confirming suspected breast cancer generally requires 
mammography (fig. 29.24). If the Mammogram indicates 
breast cancer, surgery is performed so that a biopsy can be 
obtained and the tumor assessed. If the tumor is found to be 
malignant, surgery is performed, the extent of which de- 
pends on the size of the tumor and whether or not metasta- 
sis has occurred. The surgical treatment for breast cancer is 
generally some degree of mastectomy. A simple mastectomy 1s 
removal of the enure breast but not the underlying lymph 
nodes. A modified radical mastectomy is the complete removal 
of the breast, the lymphatic drainage, and perhaps the pec- 
toralis major muscle. A radical mastectomy is similar to a 
modified except that the pectoralis major muscle is always 


(b) 


FIGURE 29.24 j 
(a) A mammogram of a patient with carcinoma of the upper breast. f/ 
(Note the presence of a neoplasm indicated with an arrow.) (b) In 283 
: mammography, the breasts are placed alternately on a metal plate 
(a) 


and radiographed from the side and from above. ° Ay 


removed, as well as the axillary lymph nodes and adjacent 
connective tissue. A lumpectomy—removal of just the lump 
and a small amount of surrounding breast tissue—is cur- 
rently used as an option for some small malignancies that 
are in the beginning stages. 


Methods of Contraception 


In addition to the rhythm method and the contraceptive 
(birth control) pill, which have already been discussed, con- 
traception may be accomplished by sterilization, intrauterine 
devices (IUDs), and barrier methods—including condoms, 
diaphragms, sponges, and spermicidal gels and foams 
(fig. 29.25). 

Sterilization techniques include vasectomy for the male 
and tubal ligation for the female. In the latter technique 
(which currently accounts for over 60% of sterilization 
procedures performed in the United States), the uterine 
tubes are cut and ted. This ts analogous to the procedure 
performed on the ductus deferens in a vasectomy and pre- 
vents fertilization of the ovulated ovum. Studies on the long- 
term etfects of these procedures have tailed to show 
deleterious side effects. With current procedures, tubal liga- 
tions (as well as vasectomies) should he considered essen- 
tially irreversible. 
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Intrauterine devices (IUDs) don't prevent ovulation 
but instead prevent implantation of the embryo into the 
uterus should fertilization occur. The mechanisms by which 
these contraceptive effects are produced are not well un- 
derstood, but the efficiency of different IUDs appears to be 
related to their ability to cause inflammatory reactions in 
the uterus. Uterine perforations are the foremost complica- 
tion associated with the use of IUDs. 

Barrier methods of birth control—physical or chemical 
barriers to keep sperm and ova apart—generally are quite ef- 
fective for careful users and do not pose serious health risks. 
The failure rate for condoms—one of the oldest methods of 
contraception—is 12 to 20 pregnancies per 100 woman years 
of use, whereas the failure rate for the diaphragm is 12 to 18 
Pregnancies per 100 woman years. Latex condoms offer an 
additional benefit: they provide some protection 
ually transmitted diseases, including AIDS. 

Asan alternative to contraceptive pills, hormonal con- 
traceptives may be delivered to a woman's body by means 
of subdermal implants. Implants are 2-in. rods filled with a 
synthetic progesterone (progestin) and implanted just under 
the skin, usually on the upper arm, through a tiny incision. 
The hormone gradually leaches out through the walls of the 
rod and enters the bloodstream, preventing pregnancy for 
at least 5 years. 


against sex- 
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One in nine women will develop breast cancer during her 
lifetime. Early detection of breast cancer and follow-up med- 


ical treatment minimizes the necessary surgical treatment 
and increases the patient’s prognosis. Breast cancer is cur- 
able if it is caught early. 

A woman should examine her breasts monthly. If she 
has not yet reached menopause, the ideal time for a BSE is 1 
week after her period ends because the breasts are less likely 
to be swollen and tender at that time. A woman no longer 
menstruating should just pick a day of the month and do a 
BSE on that same day on a monthly basis. Visual inspection 
and palpation are equally important in doing a BSE. The 
steps involved in this procedure are the following: 


] Observation before a mirror. Inspect the breasts with the 
arms atthe sides. Next, ratse the army high overhead. Look for any 
changes in the contour of each breast—a swelling, dimpling of 
skin or changes in the nipple. The lett and right breast wall not 
exactly match—few women's breasts do Finally, squce ce the 
nipple of cach breast genUly between the thumb and index finger. 
Any discharge from the nipple should be reported to a physician 


Sites and incidence 
of occurrence of 
breast cancer. 
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2 Palpation during bathing. Examine the breasts during a bath 
or shower when the hands will glide easily over wet skin. With the 
fingers flat, move gently over every part of each breast. Use the 
right hand to examine the left breast, and the left hand for the 
right breast. Palpate for any lump, hard knot, or thickening. If the 
breasts are normally fibrous or lumpy (fibrocystic tissue), the 


locations of these lumps should be noted and checked each month 
for changes in size and locations. 


3 Palpation while lying down. To examine the right breast, put 
a pillow or folded towel under the right shoulder. Place the right 
hand behind the head—this distributes the breast Ussue more 
evenly on the rth cage. With the fingers of the left hand held flar, 
press gently in small circular motions around an imaginary clock 
face. Begin at the outermost top of the right breast for 12 o'clock, 
then move to 1 o'clock, and so on around the circle back to 12 
o'clock. A ndge of firm tissue in the lower curve of cach breast as 
normal. Then move in an inch, toward the nipple, and keep 
circling to examine every part of the breast, including the nipple. 
Also examine the armpit carefully for enlarged lymph nodes. 
Repeat the procedure on the left breast. 

If a mammogram indicates breast cancer (see fig. 
29.24), surgery is pertormed so that a biopsy can be obtained 
and the tumor assessed. The extent of the surgery depends on 
the size of the tumor and whether or not metastasis has 


occurred. Q 
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Chapter summary 


Structures and Functions of the Female 
Reproductive System (pp. 871-877) 


1, 


Chapter Twenty-Nine 
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The female secondary sex organs—those 
that are essential for sexual 
reproduction—include the vagina, uterine 
tubes, uterus, and mammary glands. 

The uterine (fallopian) tubes end in 

fimbriae, which project over the ovary and 

help to direct a secondary oocyte into the 
infundibulum of the tube 

The uterus consists of a fundus, body, 

and cervix and is Supported by four pairs 

of ligaments. 

a. The wall of the uterus consists of a 
perimetrium, a muscular myometrium, 
and an epithelial lining called the 
endometrium. 

b. The endometrium is stratified, with the 
layers divided into a stratum basale 
and a stratum functionale; the latter is 
shed during menstruation and rebuilt 
during the next cycle 


. The vagina opens to the cervix of the 


uterus. The structures of the vulva 
(external genitalia) surround the vaginal 
orifice and include the mons pubis, labia 
majora, labia minora, Clitoris, vaginal 
vestibule, vestibular bulbs, and vestibular 
glands. 

During sexual excitement, the clitoris and 
erectile tissue of the areola of the breasts 
swell with blood. During orgasm, the 
muscles of the perineum, uterus, and 
uterine tubes contract rhythmically. 


Ovaries and the Ovarian Cycle 
(pp. 877-881) 


Ts 


The ovaries are supported by the 
mesovarium, which extends from the 
broad ligament, and by the ovarian and 
suspensory ligaments. 


Review Activities 


Objective Questions 
Match the phase/event with its distinguishing 


Bon 


: ® 


feature(s): 

menstrual phase 

follicular phase 

luteal phase 

ovulation 

a. high estrogen and progesterone; low 
FSH and LH 

b. low estrogen and progesterone 


2. Primary oocytes, arrested at prophase | of 


the first meiotic division, are contained 

within primary follicles in the ovary. 

a. Upon stimulation by gonadotropic 
hormones, granulosa cells divide and 
fill the follicle, forming a primary 
follicle 

b. Upon further stimulation, a fluid-filled 
Cavity called the antrum begins to 
form to produce a secondary follicle. 

c. Asa secondary follicle develops, the 
primary oocyte completes its first 
meiotic division to form a secondary 
oocyte, arrested at metaphase Il, and a 
polar body 

d. Asingle, fully mature follicle called the 
mature vesicular, or graafian, follicle 
releases its secondary oocyte at 
Ovulation; the empty follicle then 
becomes a corpus luteum. 


. The pituitary gland secretes FSH and LH 


in response to the secretion of GnRH 
from the hypothalamus; secretion of FSH 
and LH, as well as GnRH, is modified by 
feedback from sex Steroids secreted by 
the ovaries. 


Menstrual Cycle (pp. 881-886) 
1. The ovarian cycle can be divided into 


follicular and luteal phases, which are 

separated by the event of ovulation. 

a. During the follicular phase, FSH 
stimulates the growth and 
development of follicles; this is 
accompanied by increasing secretion 
of estradiol from the granulosa cells of 
the follicles. 

b. Estradiol! exerts a positive feedback 
effect on the hypothalamus and 
pituitary gland, resulting in an LH 
surge that triggers ovulation. 

c. At ovulation, the mature vesicular 
ovarian (graafian) follicle ruptures 


c. LH surge 
d. increasing estrogen; low LH and low 
progesterone 


5. The secretory phase of the endometrium 


corresponds to which of the following 
ovarian phases? 

a. follicular phase 

b. ovulation 

c. luteal phase 

d. menstrual phase 


and its secondary oocyte is released 
from the ovary. 

d. The empty vesicular ovarian follicle 
becomes a corpus luteum, which 
secretes estradiol and progesterone. 

e. Estradiol and progesterone inhibit FSH 
and LH secretion during the luteal 
phase 

f. The corpus luteum regresses at the 
end of the cycle, and the resulting 
decline in estradiol and progesterone 
secretion causes menstruation. 


_ In terms of the changes that occur in the 


endometrium, the cycle can be divided 
into the proliferative phase (following 
menstruation), secretory phase 
(corresponding to the luteal phase of the 
ovaries), and menstrual phase. 


_ The contraceptive pill acts by duplicating 


the negative feedback inhibition of FSH 
and LH by estradiol and progesterone that 
Normally occurs during the luteal phase. 


Mammary Glands and Lactation 
(pp. 886-888) 


. Mammary glands contain secretory 


alveoli that drain into lactiferous ducts, 
which in turn open on the surface of the 
nipple of the breast. 


2. Prolactin stimulates the production of 


milk proteins; oxytocin stimulates 

contraction of the lactiferous ducts and 

ejection of milk from the nipple. 

a. Secretion of oxytocin and prolactin 
occur in response to the stimulus of 
the baby’s suckling, through the 
activation of a neuroendocrine reflex. 


b. Secretion of prolactin is stimulated by 


inhibiting the secretion of prolactin- 
inhibiting hormone from the 
hypothalamus. 


6. Which of the following statements about 


oogenesis is true? 

a. Oogonia form continuously in 
postnatal life. 

b. Primary oocytes are haploid. 

Cc. Meiosis is completed prior to 
Ovulation. 

d. A secondary oocyte is released. 
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7. The paramesonephric (mullerian) ducts 
give rise to 


a. 
b. 
C; 
d. 
€. 
8. In 


the uterine tubes. 
the uterus. 

the pudendum. 
both a and b. 
both b and c. 


a female, the homologue of the male 


scrotum is/are 


a. 
b. 
oe 
d. 


the labia majora. 
the labia minora. 
the clitoris. 

the vestibule. 


9. The cervix is a portion of 


a. 
b. 
C. 
d. 


the vulva. 

the vagina 

the uterus. 

the uterine tubes. 


10. Which of the following is shed as menses? 


a. 
b. 
C. 
d. 


the perimetrial layer. 
the fibrous layer. 

the functionalis layer. 
the menstrual layer. 


11. The transverse folds in the mucosal layer 
of the vagina are called 


a. 


b 
C. 
d 
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perineal folds. 


. vaginal rugae. 


fornices. 


. labia gyri. 


12. 


13. 


14. 


15. 


Fertilization normally occurs in 

a. the ovary. 

b. the uterine tube. 

c. the uterus. 

d. the vagina. 

Contractions of the mammary ducts are 
Stimulated by 

a. prolactin. 

b. oxytocin. 

Cc. estrogen. 

d. progesterone. 

The suspensory ligaments (of Cooper) 
support 

a. the ovary. 

b. the uterus. 

c. the uterine tube. 

d. the breast. 

Uterine contractions are stimulated by 
oxytocin. 

prostaglandins. 

prolactin. 

both a and b. 

both b and c. 


eaogce 


Essay Questions 


1. 


Explain how the genital ducts develop and 


why the external genitalia of males and 
females are considered homologous. 


. Describe the gross and histologic 


Structure of the uterus and explain the 
significance of the strata functionale and 
basale of the endometrium. 

Describe the hormonal interactions that 
control ovulation and cause it to occur at 
the proper time. 


. Compare menstrual bleeding and 


bleeding that occurs during the estrus 
cycle of a dog in terms of hormonal 
control mechanisms and the ovarian 
cycle. 


. “The contraceptive pill tricks the brain 


into thinking you're pregnant.” Interpret 
this popularized explanation of how birth 
control pills work in terms of 
physiological mechanisms. 


. Describe the mechanisms that are 


thought to trigger lactation in a nursing 
mother. 


Female Reproductive System 


oceans Pererrerrrrtitter 


si 


| Pre-embryonic Period $02 


Cleavage and Formation of the Blastocyst 
Implantation 
_ Formation of Germ Layers 


Embryonic Period 906 


Extraembryonic Membranes 
Placenta 


: Endocrine Functions of the Placenta 
: Umbilical Cord 
: Structural Changes of the Embryo by Weeks 


‘Fetal Period $1 
: Labor and Parturition 920 
: Inheritance $22 
: Clinical Considerations $25 


: Abnormal implantation Sites 

: Jn Vitro Fertilization and Artificial Implantation 
? Multiple Pregnancy 

: Fetal Monitoring 

: Congenital Defects 

: Genetic Disorders of Clinical Importance 

: Review Activities 831 


objectives 


Define morphogenesis, capacitation, and 
fertilization. 


Describe the changes that occur in the spermatozoon 
and ovum prior to, during, and immediately following 
fertilization. 


Describe the events of pre-embryonic development 
that result in the formation of the blastocyst. 


Discuss the role of the trophoblast in the implantation 
and development of the placenta. 


Explain how the primary germ layers develop and list 
the structures produced by each layer. 


Define sees explain how the parturition date 
is determined 


Define embryo and describe the major events of the 
embryonic period of development. 


List the embryonic needs that must be met to avoid a 
spontaneous abortion. 


Describe the structure and function of each of the 
extraembryonic membranes. 


Describe the development and function of the 
placenta and umbilical cord. 


Define fetus and discuss the major events of the fetal 
period of development. 


Describe the various techniques available tor 
examining the fetus or monitoring fetal activity. 


Describe the hormonal action that controls labor and 
parturition. 


Describe the three stages of labor. 

Define genetics. 

Discuss the variables thal account for a person's 
phenotype. 

Explain how probability is involved in predicting 


inheritance and use a Punnett square to illustrate 
selected probabilities. 
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Fertilization 


Upon fertilization uf a secondary oocyte 
uterine tube, metotic deve 
is formed. 


by a spermatozoon in the 
lopment is completed and a diploid zygote 


The structure of the human body forms before birth, or pre- 
natally, through the process of morphogenesis (mor “fo-jen ‘&- 
sis). Through morphogenic events, the organs and systems of 
the body are established in a functional relationship. A com- 
prehensive view of the structure and function of each body 
system requires an understanding of morphogenesis. Asso- 
ciated with each organ and system are sensitive periods of 
morphogenesis during which genetic or environmental fac- 
tors may affect the normal development of a baby. Many 
clinical problems are congenital in nature and originate dur- 
ing morphogenic development. 

The prenatal development of a human is a fascinating 
and awesome event. It begins with a single fertilized egg and 
culminates some 38 weeks later with a complex organiza- 
tion composed of billions of cells. Prenatal development can 
be divided into a pre-embryonic period, initiated by the fer- 
tilization of a secondary oocyte; an embryonic period, during 
which the body's organ systems are formed; and a fetal pe- 
riod, culminating in parturition, or the birth of the baby. 

During coitus, a male ejaculates between 100 million 
and 500 million sperm into the female's vagina. This tremen- 
dous number is needed because of the high rate of sperm 
fatality—only about 100 survive to contact the secondary 
oocyte in the uterine tube. During passage through the acidic 
female tract, sperm gain the ability to fertilize a secondary 
oocyte through a process called capacitation. The changes 
occurring in sperm capacitation are not fully understood. 
Evidence indicates, however, that when placed in the acidic 
environment of the female reproductive tract, there is an 
enzymatic reaction resulting in a molecular alteration in the 
cell membrane of the sperm. 


are infertile and must be in the female reproductive 

tract for at least 7 hours before they can fertilize a 

secondary oocyte. During in vitro fertilization 
(discussed further under “Clinical Considerations”), sperm 
capacitation is induced artificially by treating the ejaculate 
with a solution of gamma globulin, free serum, follicular fluid, 
dextran, serum dialysate, and adrenal gland extract 


\ Experiments confirm that freshly ejaculated sperm 


FOR e eee e reece ee eeeeaeeseseeseseseeee 


morphogenesis: Gk. morphe, torm, genesis, beginning 
Capacitation: L_ capacitas, capable of 


A woman usually ovulates one secondary oocyte a 
month, totaling approximately 400 during her reproduc- 
tive years. As discussed in chapter 29, each ovulation re- 
leases a secondary oocyte arrested at metaphase II. As the 
secondary oocyte enters the uterine tube, itis surrounded by 
a thin, transparent layer of protein and polysaccharides, the 
zona pellucida, and a layer of granulosa cells, the corona 
radiata (fig. 30.1). 

The head of each spermatozoon is capped by an or- 
ganelle called an acrosome (figs. 30.1 and 30.2). The acro- 
some contains a trypsin-like protein-digesting enzyme and 
hyaluronidase (hi @-loo-ron “-das), which digests hyaluronic 
acid, an important constituent of connective tissue. When 
a spermatozoon meets a secondary oocyte in the uterine tube, 
an acrosomal reaction occurs that exposes the acrosome's di- 
gestive enzymes and allows the spermatozoon to penetrate 
through the corona radiata and the zona pellucida. 

As a spermatozoon penetrates the zona pellucida, a 
chemical change in the zona prevents other sperm from en- 
tering. Only one spermatozoon, therefore, is allowed to fer- 
tilize a secondary oocyte. When the cell membranes of the 
spermatozoon and the secondary oocyte merge, the secondary 
oocyte becomes an ovum. As fertilization occurs, the ovum is 
stimulated to complete its second meiotic division (fig. 30.3). 
Like the first meiotic division, the second produces one cell, 
which contains all of the cytoplasm, and one polar body. The 
healthy cell is the mature ovum, and the second polar body, 
like the first, ultimately fragments and disintegrates. 

At fertilization, the entire spermatozoon enters the cy- 
toplasm of the much larger ovum (fig. 30.4). Within 12 
hours, the nuclear membrane in the ovum disappears, and 
the haploid number of chromosomes (23) in the ovum is 
joined by the haploid number of chromosomes from the sper- 
matozoon. A fertilized egg, or zygote (zi ‘gdt), containing the 
diploid number of chromosomes (46) is thus formed. 

A secondary oocyte that is ovulated but not fertilized 
does not complete its second meiotic division but instead 
disintegrates 12 to 24 hours after ovulation. Fertilization 
therefore cannot occur if coitus takes place beyond 1 


day 
following ovulation. Sperm, by contrast, c 


an survive up to 


3 days in the female reproductive tract. Fertilization there- 


fore can occur if coitus takes place within 3 days prior to 
the day of ovulation. 


zona pellucida L. zone, a girdle: pellis, skin 

corona radiata: Gk. korone. crown: radiata, radiate 
acrosome. Gk akron, extremity; soma, body 

haploid: Gk. haplous, single, L_ ploideus, multiple in form 
diploid: Gk. diplous, double, L. ploideus, multiple in form 
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First polar body 
Perivitelline space 
Cytoplasm of ovum 


Corona radiata 


Second meiotic spindle 


Zona pellucida 
Cell membrane of ovum 


(a) 
Nucleus Acrosome 
containing containing Perforations 


chromosomes enzymes in acrosome wall 


membrane 


Acrosomal 
cap 


(c) 
FIGURE 30.1 
The process of fertilizat 
As the head of the sf oe 
plote 
radiata of the egg, wl sof 
df 
‘ 
; Tm 
FIGURE 30.2 
A scanning electron micrograph showing the head of a human 
ermatoz n with its nuclet and acrosome 


Downloaded from Durr-e-Danish Library 


OR Sw es ere a —- >. 


Primary oocyte 
Degenerate 


First polar Second 


ape) polar body 


” First polar body 


Secondary oocyte » 


' Fertilization 


Spindle : <3 7. Schenk 
_ apparatus tad ops er 
t. ' - Mature ovum —+ Zygote 
b 
Ba Ovulation as ‘ i, : 
ie : ‘| * "387" Secondary oocyte 
peas ray : ake} ee ~~ at metaphase I! 
| FIGURE 30.3 Bd a ats ae RI Are 
re ~ ___ A’secondary oocyte, arrested at metaphase Il of meiosis. is released at 
pe Ba. ovulation. If this cell is fertilized, it becomes an ovum, comes its second 
faetey, meiotic division, and produces a second polar body.* ; 
fi First polar body Second polar body . ~ ‘ 
|<." . Sperm cell : . 
erie. inside ovum Chromosomes 
4 4 ; ‘ y f 
ie j Nuclear membrane 
ek - disappearing 
—— Nucleus of fe . ; 
ipa ovum | 
bi gi: 
' 
i 
‘ 
es 
bo ’ Sperm cell 
; nucleus 
pe 
& 
bi FIGURE 30.4 
p , Fertilization and the union of chromosomes from the sperm cell and ovum to 
=e form the zygote. (a) Sperm cell penetration, (b) the haploid number of 
a chromosomes within the nucleus of each sex cell, (c) degeneration of nuclear 
sf membranes, and (d) matching and alignment of chromosomes, bar 
t PAE. , ’ > 
} rs 4 - ¢ Made to ane why = 
Sateen Se Das SY ee ES Ses ee te EL A BES Od 


ee — — se 
EAT , gar — oe 


+ 
} 
an 


“H ~ A sk ae Lhe 


Lew. OSS 


JS es at RE 


- 


2S ie Rak 


-? eke bes IF, 
Developmental Anatomy and Inheritance 


i ‘ 
Orie : 
ee ee 


‘ 


ties Pa Di 


‘»™® 
= 


- ps 
rp 


Ce See oe Es SE oe te tas? 


Downloaded from Durr-e-Danish Library 
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Pre-embryonic Period 


The events of the 2-week pre-embryonic period mclude ferultzation, 
transportation of the zygote through the uterme tube, mitotic divisions, 
implantation, and the formation of primordial embryonic ussue. 


Cleavage and Formation of the Blastocyst 


Fertilization occurs within the uterine tube, usually about 
12 to 24 hours following ovulation. The fertilized egg (ovum) 
is referred to as a zygote. Within 30 hours, the cleavage 
process begins with a mitotic division that results in the for- 
mation of two identical daughter cells called blastomeres (fig. 
30.5). Several more cleavages occur as the structure passes 
down the uterine tube and enters the uterus on about the 
third day. It is now composed of a ball of 16 or more cells 
called a morula. Although the morula has undergone several 


zygote: Gk. zygotos, yolked, joined 


mitotic divisions, it is not much larger than the zygote be- 
cause no additional nutrients necessary for growth have been 
entering the cells. 

The developing structure remains unattached in the 
uterine cavity for about 3 days. During this time, the cen- 
ter of the morula fills with fluid passing in from the uter- 
ine cavity. As the fluid-filled space develops inside the 
morula, two distinct groups of cells form, and the struc- 
ture becomes known as a blastocyst. The single outer layer 
forming the wall of the blastocyst is known as the tro- 
phoblast, whereas the small, inner aggregation of cells is 
called the embryoblast, or internal cell mass. With further 
development, the trophoblast differentiates into a struc- 
ture called the chorion, which will become a portion of 
the placenta, and the embryoblast will become the em- 
bryo. The hollow, fluid-filled center of the blastocyst is 
called the blastocyst cavity. A diagrammatic summary of 
the ovarian cycle, fertilization, and the morphogenic 
events of the first week is presented in figure 30.6. 


morula: L. morus, mulberry 
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The blastocyst saves itself from being aborted by see 9 


/mplantation 


The process of implantation, or nidation, begins between 
the fifth and seventh day. Attachment is usually upon the 
posterior wall of the body of the uterus, with the side con- 
taining the embryoblast against the endometrium (fig. 
30.7). Implantation is made possible by the secretion of 
proteolytic enzymes by the trophoblast, which digest a por- 
tion of the endometrium. The blastula sinks into the de- 
pression and endometrial cells move back to cover the 
defect in the wall. At the same time, the part of the uter- 
ine wall below the implanting blastocyst thickens, and spe- 
cialized cells of the trophoblast produce fingerlike projections, 
called syneytiotrophoblasts (sin-sit e-d-trof -blasts), into 
the thickened area. The syncytiotrophoblasts arise trom a 
specific portion of the trophoblast called the cytotro- 
phoblast, located at the embryonte pole. 


implantation: L. im, in, planto, to plant 
Nidation L. nidus, nest 
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creting a hormone that indirectly prevents menstruation. 
Even before the sixth day when implantation begins, the 
syncytiotrophoblasts secrete chorionic gonadotropin 
(kor “’e-on ‘tk go-nad-o-tro ‘pm), or hCG (the A stands for 
human). This hormone is identical to LH in its effects, and 
therefore is able to maintain the corpus luteum past the 
time when it would otherwise regress. The secretion of es- 
trogen and progesterone is maintained and menstruation 
is normally prevented (fig. 30.8). 

The secretion of hCG declines by the tenth week of 
pregnancy. Actually, this hormone is required only for the 
first 5 to 6 weeks of pregnancy because the placenta itself 
becomes an active steroid-secreting gland by this ime. At 
the fifth to sixth week, the mother’s corpus luteum begins 
to regress (even in the presence of hCG), but the placenta 
secretes more than sufficient amounts of steroids to main- 
tain the endometrium and prevent menstruation. 
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cyst but not by the mother’s endocrine 


glands, Modern pregnancy tests detect the presence 
ise of antibodies against hCG or by the use of 
cellular receptor proteins for hCG 


formation of berm layers 


As the blastocyst completes implantation during the sec- 


of hCG by 


ond week of development, the embryoblast undergoes 
marked ditterentiation. A slitlike space called the amniotic 
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FIGURE 30.7 
The blastocyst adheres to the endometrium cn about the 
sixth day cs seen ina). oF hetomicregraph, and tb) a 

“ diagram of the specihc celis of the blastocyst. By the seventh 


f j aim } oblas 
day (c), specialized ayncyuetropncbiasts trom the uophoblast 
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syncytiotsephoblusis secrete hCG to sustain pregnency and 
ty will eventually portic.pate in the formation of the placenta 
from embryonic and fetal sustenance. , 
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cavity forms between the embryoblast and the invading tro- 
phoblast (fig. 30.9). The embryoblast flattens into the em- 
bryonic disc (see fig. 30.11), which consists of two layers: an 
upper ectoderm, which is closer to the amniotic cavity, and 
a lower endoderm, Ww hich borders the blastocyst cavity. A 
short time later, a third layer called the mesoderm forms 


ectoderm: Gk. ecto, outside, derm, skin 
endoderm: Gk. endo, within; derm, skin 
mesoderm: Gk. meso, middle: derm. skin 
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gonadotropin 


between the endoderm and ectoderm. These three layers 
constitute the primary germ layers. Once they are formed, 
at the end of the second week, the pre-embryonic period is 
complete and the embryonic period begins. 

The primary germ layers are important because var- 
ious cells and tissues of the body are derived from them. 
Ectodermal cells form the nervous system; the outer layer 
of skin (epidermis), including hair, nails, and skin glands; 
and portions of the sensory organs. Mesodermal cells form 
the skeleton, muscles, blood, reproductive organs, dermis 
of the skin, and connective tissue. Endodermal cells pro- 
duce the lining of the GI tract, the digestive organs, the 
respiratory tract and lungs, and the urinary bladder and 
urethra. 

4 5 6 7 8 9 The events of the pre-embryonic period are summa- 


Months of pregnancy rized in table 30.1 and the derivatives of the three primary 


FIGURE 30.8 
Hur h 


germ layers are listed in table 30.2. Refer to figure 30.10 for 


rionic gonadotropin (hCG) is secreted by an illustration of the organs and body systems that derive 


asts during the first trimester of pregnancy. This from each of the primary germ layers. 
ormone maintains the mother's corpus luteum for the first 5% 


ducing gland, secreting increasing amounts of 


estrogen and progesterone throughout pregnancy. 
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Table J0.1 Morphogenic stages dud priderpal 


Stage Time period 


30 hours to third day 
Third to fourth day 


s of skin and epidermal derivatives: 
Nails, glands of the skin; linings of 
, Nasal, anal, and vaginal cavities 


Nervous tissue; sense organs 
S of eye; enamel of teeth 
ta y gle r U 


ed 


” 


ae eve , 
\drenal cortex 


The period of prenatal development is referred to as 
gestation. Normal gestation for humans is 3 months. 
y Knowing this and the pattern of menstruation makes 

it possible to determine the delivery date of a baby. In 
a typical reproductive cycle, a woman ovulates 14 days prior 
to the onset of the next menstruation and is fertile for 
approximately 20 to 24 hours following ovulation. Adding 9 
months, or 38 weeks, to the time of ovulation gives one the 
estimated delivery date, or parturition date. 


ek embryonic pertod include the differentiation of 
ly organs and the formation of the 

d the extraembryonic membranes. 

ds of the embryo are met. 


The events of the 6-we 
the germ layers into specific bod 
placenta, the umbilical cord, an 
Through these morphogenic events, the nee 


The embryonic period lasts from the beginning of the third 


week to the end of the eighth week. At this period, the de- 
anism can correctly be called an embryo. During 


veloping org 
ans form, as well as 


the embryonic period, all of the body org 


gestation. L. gestatus, to bear 


@ 
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24 to 30 hours following ovulation —_ Egg is fertilized; zygote has 23 pairs of chromosomes (diploid) from haploid s 
and haploid egg and is genetically unique 


Mitotic divisions produce increased number of cells 


Muscle: smooth, cardiac, and skeletal 


Connective tissue: embryonic, connective 
tissue proper, cartilage, bone, blood 


Dermis of skin; dentin of teeth 


Epithelium of blood vessels, lymphatic 
vessels, body cavities, joint cavities 


IF Internal reproductive organs 
Kidneys and ureters 
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onic development Tie 


Hj 


Epithelium of ohary nee ale 01 
tonsils, thyroid, parathyroid 
larynx, trachea, lungs, GI tract, u 
bladder and urethra, and vaging 

“ 


Liver and pancreas 


As 


- 


the placenta, umbilical cord, and extraembryonic membranes. 
The term conceptus refers to the embryo, or fetus, and all of 
the extraembryonic structures—the products of conception. 
During parturition, the baby and the remaining portion of 
the conceptus are expelled from the uterus. 


an organism as the various tissues, organs, and 
systems develop. Chick embryos are frequently 
@ studied because of the easy access through the shell 

and their rapid development. Mice and pig embryos are also 
extensively studied as mammalian models. Genetic 
manipulation, induction of drugs, exposure to disease, 
radioactive tagging or dyeing of developing tissues, and X- 
ray treatments are some of the commonly conducted 
experiments that provide information that can be applied to 
human development and birth defects. 


\ Embryology is the study of the sequential changes in 


During the pre-embryonic period of cell division and 
differentiation, the developing structure is self-sustaining. 
The embryo, however, is not self-supporting and must de- 
rive sustenance from the mother. For morphogenesis to con- 
tinue, certain immediate needs must be met. These needs 
include: (1) formation of a vascular connection between the 
uterus of the mother and the embryo so that nutrients and 
oxygen can be provided and metabolic wastes and carbon 


FIGURE 30.10 
The body systems and the primary germ 
layers from which they develop. 
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dioxide can be removed; (2) establishment of a constant, 
protective environment around the embryo that is conducive 
to development; (3) establishment of a structural founda- 
tion tor embryonic morphogenesis along a longitudinal axis; 
(+) provision tor structural support for the embryo both in- 
ternally and externally; and (5) coordination of the mor- 
phogenic events through genetic expression. If these needs 
are Not Met, a spontaneous abortion will generally occur. 
The first and second of these needs are provided for by 
extraembryonic structures; the last three are provided for in- 
traembryonically. The extraembryonic membranes, the pla- 
centa, and the umbilical cord will be considered separately, 
prior to a discussion of the development of the embryo. 


r Most serious developmental defects cause the 
embryo to be naturally aborted. About 25% of early 
aborted embryos have chromosomal abnormalities. 
O.her abortions may be caused by environmental 

factors, such as infectious agents or teratogenic drugs (drugs 
that cause birth defects). In addition, an implanting, 
developing embryo is regarded as foreign tissue by the 
immune system of the mother, and is rejected and aborted 
unless maternal immune responses are suppressed. 


Fxtraembryone Membranes 


While the many intraembryonic events are forming the body 
organs, a complex system of extraembryonic membranes is 
developing as well (fig. 30.11). The extraembryonic mem- 
branes are the amnion, yolk sac, allantois, and chorion. 
These membranes are responsible for the protection, respi- 
ration, excretion, and nutrition of the embryo and subse- 
quent fetus. At parturition, the placenta, umbilical cord, 
and extraembryonic membranes separate from the fetus and 
are expelled from the uterus as the afterbirth. 


Amnion The amnion (am‘ne-on) is a thin extraembryonic 
membrane derived from ectoderm and mesoderm. It loosely 
envelops the embryo, forming an amniotic sac that is filled 
with amniotic fluid (fig. 30.12). In later stages of fetal devel- 
opment, the amnion expands to come in contact with the 
chorion. Amniotic development is initiated early in the em- 
bryonic period, at which time its margin ts attached around 
the free edge of the embryonic disc (fig. 30.11). As the am- 
niotic sac enlarges during the late embryonic period (at 
about 8 weeks), the amnion gradually sheaths the develop- 
ing umbilical cord with an epithelial covering (fig. 30.13). 

As a buoyant medium, amniotic fluid pertorms four 
functions for the embryo and subsequent fetus: (1) it per- 
mits symmetrical structural development and growth, (2) it 
cushions and protects by absorbing jolts that the mother 
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FIGURE 30.11 

The formation of the extraembryonic membranes during a single 
week of rapid embryonic development: (a) At 3 weeks, (b) 3% 
weeks, and (c) 4 weeks. 


may receive, (3) it helps to maintain consistent pressure and 
temperature, and (4) it allows the fetus to develop freely, 
which is important for musculoskeletal development and 
blood flow. 

Amniotic fluid is formed initially as an isotonic fluid 
absorbed from the maternal blood in the endometrium sur- 
rounding the developing embryo. Later, the volume is in- 
creased and the concentration changed by urine excreted 
from the fetus into the amniotic sac. Amniotic fluid also 
contains cells that are sloughed off from the fetus, placenta, 
and amniotic sac. Since all of these cells are derived from 
the same fertilized egg, all have the same genetic composi- 
tion. Many genetic abnormalities can be detected by aspi- 
rating this fluid and examining the cells obtained in a 
procedure called amniocentesis (am “ne-o-sen-te ‘sis). 

Amniotic fluid is normally swallowed by the fetus and 
absorbed in the GI tract. Prior to delivery, the amnion is 
naturally or surgically ruptured, and the amniotic fluid (bag 
of waters) is released. 
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FIGURE 30.12 

Animplanted embryo at approximately 4!4 weeks. (a) The 
intenor of a uterus showing the implantation site and decidua 
capsulans elevated by the expanded chorion. (b) The 
developing embryo, extraembryonic membranes, and the 
formation of the placenta. 


FIGURE 30.13 

The embryo, extraembryonic 
membranes, and placenta at 
approximately 7 weeks of 
development. At this time, 


the amnion and chorion are 
adherent and are frequently 
referred to as the 
amniochorionic membrane. 
Biood trom the embryo 1s 
carned to and trom the 

chorion frondosum by the 
umbilical arteries and vein. The 
maternal tissue between the 
chonome vill is known as the 


decidua basulis; this tissue, 


together vith the vill, form the 
Amniotic sac containing 


functioning placenta. 
cid amniotic fluid 
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Amniocentesis (fig. 30.14) is usually J ; 
performed at the fourteenth or fifteenth 

of pregnancy, when the amniotic 

sac contains 175-225 ml of fluid. Genetic 
diseases, such as Down syndrome (in which there 
are three instead of two number 21 chromosomes), 
can be detected by examining chromosomes. 
Diseases such as Tay-Sachs disease, in which ' 
there is a defective enzyme involved in formation 

of myelin sheaths, can be detected by 

biochemical techniques. 


Yolk Sac) The yolk sac is established during the 
end of the second week as cells from the trophoblast 
form a thin exocoelomic (ek “so-sé-lo ‘mik) membrane, 
Unlike that of many vertebrates, the human yolk 
sac Contains no nutritive yolk but is an essential 
structure during early embryonic development. It 
is attached to the underside of the embryonic disc coeerne, wal 
(figs. 30.11 and 30.12), where it produces blood for 

the embryo until the liver forms during the sixth 

week. The dorsal portion of the yolk sac is involved | 
in the formation of the primitive gut. In addition, 
primordial germ cells form in the wall of the yolk 
sac and migrate during the fourth week to the de- 
veloping gonads, where they become the primitive 


Amniotic fluid 
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woe. 


germ cells (spermatogonia or oogonia). oy 
The stalk of the yolk sac usually detaches | | 
from the gut by the sixth week. Following this, 


; s » te 4 
the yolk sac gradually shrinks as pregnancy ad- | 
vances. Eventually it hecomes very small and) |» FIGURE 30.14 . 
serves no additional developmental functions. . Amniocentesis, In this procedure, amniotic fluid containing 1 
_ suspended cells is withdrawn for examination. Various genetic °. 


Allantois The allantois forms during the third 
week as a small ourpouching, or diverticulum, from 
the caudal wall of the yolk sac (see fig. 30.11). The allantois 
remains small but is involved in the formation of blood cells 


and gives rise to the fetal umbilical arteries and vein. It also 
contributes to the development of the urinary bladder. 

The extraembryonic portion of the allantots degenerates 
during the second month. The intraembryonic portion in- 
volutes to form a thick urinary tube called the urachus. After 
birth, the urachus becomes a fibrous cord called the median 
umbilical ligament that attaches to the urinary bladder. 
Chorion The chorion is a highly specialized extraembry- 
omic membrane that parucipates in the formation of the pla- 
centa (see fig. 30.11). [tas the outermost membrane and 
originates trom the trophoblast of the blastocyst. Numerous 
small, tingerlike extensions called villi (see fig. 30.12) form 
from the chorion and penctrate deeply into the uterine ts- 


Pree eerreeeeerererrrrrrrrrr irri irs) 
Down syndrome from Jonn L H Down, English physician, 1828-96 
allantors Gk aflanfo sausage, jodos resemblance 

chorion Gk chorion external tetal membrane 


t diseases can be detected prenatally by this means. 


sue. Initially, the entire surface of the chorion is covered 
with villi. But those villi on the surface toward the uterine 
cavity gradually degenerate and produce a smooth, bare area 
known as the smooth chorion. As this occurs, the villi as- 
sociated with the uterine wall rapidly increase in number 
and branch out. This portion of the chorion is known as the 


villous chorion. The villous chorion becomes highly vas- 


cular, and as the embryonic heart begins to function, blood 
is pumped in close proximity to the uterine wall. 


; Chorionic villus biopsy is a technique used to detect 


genetic disorders much earher than ammocentesis 
permits. In chonome villus bi psy. a catheter is 
inserted through the cervix to the chorion. anda 


sample of chononic villus 1s obtained by suction or cutting 
Genetic tests can be performed directly on the vill 


us sample 
imple 


ontains much larger numbers of tetal cells 
than does a sample of ammiotic fluid. Chonomie villus bi psy 
can provide genetic information at 10 to 12 weeks gestation 


since this: 


POOP e Peewee meee wees eeeesesseeneese 


villous L villus tuft of haw 
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Umbilical vein 


Umbilical artery 


Umbilical cord 


Chorion 
frondosum 


FIGURE 30.15 

The circulation of blood within 
the placenta. Maternal blood is 
delivered to and drained from 
the spaces between the chorionic 


Maternal artery 


Maternal vein 


Maternal artery 


Uterine endometrium 


Maternal vein 


Intervillous pool of 
maternal blood 


villi. Fetal blood is brought to blood vessels within the villi by branches of the 


umbilical arteries and is drained by branches of the umbilical vein. 


Placenta 


The placenta (pla-cen ta) is a vascular structure by which 
an unborn child is attached to its mother’s uterine wall and 
through which metabolic exchange occurs (fig. 30.15). The 
placenta is formed in part trom maternal tissue and in part 
from embryonic tissue. The embryonic portion of the pla- 
centa consists of the villi of the chorion frondosum, whereas 
the maternal portion 1s composed of the area of the uterine 
wall called the decidua basalis (see fig. 30.13), into which 
the villi penetrate. Blood does not flow directly between 
these two portions, but because of the close membranous 
proximity, certain substances diffuse readily. 

When tully formed, the placenta ts a reddish brown 
oval disc with a diameter of 15 to 20 cm (8 in.) and a thick- 
ness of 2.5 cm (I in.). Ie weighs 500 to 600 gm, about one- 


sixth the weight of the fetus. 


eee erereeeesssassseeseeesseeeeeesee 


placenta’ L placenta, a flat cake 
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Exchange of Molecules across the Placenta) The two 
umbilical arteries deliver fetal blood to vessels within the 
villi of the chorion frondosum of the placenta. This blood 
circulates within the villi and returns to the fetus via the 
umbilical vein (see fig. 21.37). Maternal blood is delivered 
to and drained from the cavities within the decidua basalis, 
which are located between the chorionic villi. In this way, 
maternal and fetal blood are brought close together but never 
mix within the placenta. 

The placenta serves as a site for the exchange of 
gases and other molecules between the maternal and fetal 
blood. Oxygen ditfuses from mother to fetus, and carbon 
dioxide diffuses in the opposite direction. Nutrient mol- 
ecules and waste products likewise pass between mater- 
nal and tetal blood. 

The placenta ty not merely a passive conduit for ex- 
change between maternal and fetal blood, however. It has 
avery high metabolic rate, udhizing about one-third of all 
the oxygen and glucose supplied by the maternal blood. The 
rate of protein synthesis as, in tact, higher in the placenta 
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Table 30.3 Hormones secreted by the placenta 
Effects Se... 


Hormones 


i Pituitary-like hormones 
Chorionic gonadotropin (hCG) 


ionic somatomammotropin (hCS) 


Similar to LH, maintains mother's corpus luteum for first 5 weeks of pregnancy, may be vowed * 
in suppressing immunological rejection of embryo: also exhibits TSH-like activity : 


Similar to prolactin and growth hormone; in the mother, hCS acts to promote increased fat 
breakdown and fatty acid release from adipose tissue and decreased glucose use 


- tissues (diabetic-like effects) 


* 


by maternal 


$ maintain endometrium during pregnancy; helps suppress gonadotropin secretion; promote 


1 


than it is in the liver. Like the liver, the placenta produces a 
great variety of enzymes capable of converting biologically 
active molecules (such as hormones and drugs) into less ac- 
tive, more water-soluble forms. In this way, potentially dan- 
gerous molecules in the maternal blood are often prevented 
from harming the fetus. 


7 Most drugs ingested by a pregnant woman can 
readily pass through the placenta and may be 
deleterious to the developing baby. For example, the 
nicotine taken in by a chain-smoking pregnant 

woman will stunt the growth of her fetus. Hard drugs, such as 
heroin, can lead to fetal drug addiction. Depressant drugs 
given toa mother during labor can readily cross the placenta 
and, if given in high dosages, can cause respiratory 
depression in the newborn infant. 


Frdocrine Functions of the Placenta 


The placenta secretes both steroid hormones and protein 
hormones that have actions similar to those of some an- 
terior pituitary hormones. This latrer category of hor- 
mones includes chorionic gonadotropin (hCG) and 
chorionic somatomammotropin (hCS) (table 30.3). 
Chorionic gonadotropin has LH-hke effects, as previously 
described; it also has thyroid-stimulating ability, like pi- 
tuitary TSH. Chorionic somatomammotropin likewise 
has actions that are similar to two pituitary hormones: 
growth hormone and prolacon, The placental hormones 
hCG and hCS thus duplicate the actions of four antertor 


pituitary hormones. 


Pituitary-Like Hormones from the Placenta The impor- 
tance of chorionic gonadotropin in maintaining the mother's 
corpus luteum for the first 5% weeks of pregnancy has been 
previously discussed. There ts also some evidence that hCG 
may in some way help to prevent immunological resection 


nh 


ni 


y gland development — 


Ips stimu at 


mammée 


of the implanting embryo. Chorionic somatomammotropin 
synergizes (acts together) with growth hormone from the 
mother’s pituitary to produce a diabetic-like effect in the 
pregnant woman. The effects of these two hormones include 
(1) accelerated lipolysis, and therefore increased plasma fatty 
acid concentrations; (2) decreased maternal utilization of 
glucose and, therefore increased blood glucose concentra- 
tions; and (3) polyuria (excretion of large volumes of urine), 
thereby producing a degree of dehydration and thirst. This 
diabetic-like effect in the mother helps to spare glucose for 
the placenta and fetus that, like the brain, use glucose as 
their primary energy source. 


Steroid Hormones from the Placenta After the first 54 
weeks of pregnancy, when the corpus luteum regresses, the 
placenta becomes the major sex-steroid-producing gland. 
The blood concentration of estrogens, as a result of pla- 
cental secretion, rises to levels more than 100 times greater 
than those existing at the beginning of pregnancy. The 
placenta also secretes large amounts of progesterone, 
changing the estrogen/progesterone ratio in the blood from 
100:1 at the beginning of pregnancy to a ratio of close to 
1:1 toward full-term. 

The placenta, however, is an incomplete endocrine 
gland because it cannot produce estrogen and progesterone 
without the aid of precursors supplied to it by both the 
mother and the fetus. The placenta, for example, cannot 
produce cholesterol from acetate and so must be supplied 
with cholesterol from the mother’s circulation. Cholesterol, 
which ts a steroid containing 27 carbons, can then be con- 
verted by enzymes in the placenta into steroids that con- 
tain 21 carbons—such as progesterone. The placenta, 
however, lacks the enzymes needed to convert progesterone 
into androgens (which have 19 carbons) and estrogens 
(which have 18 carbons). 
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FIGURE 30.16 ; ! 
The secretion of progesterone and estrogen from the placenta requires a até : sy 1 
supply of cholesterol from the mother's blood and the cooperation of feta] : Se ; 1 
enzymes that convert progesterone to androgens, ; ; ” 


In order for the placenta to produce estrogens, it needs 
to cooperate with steroid-producing tissues in the fetus. Fetus 
and placenta, therefore, form a single functioning system in 
terms of steroid hormone production. This system has been 
called the fetal-placental unit (fig. 30.16). 

The ability of the placenta to convert androgens into 
estrogen helps to protect the female embryo from becoming 
masculinized by the androgens secreted from the mother’s 
adrenal glands. In addition to producing estradiol, the pla- 
centa secretes large amounts of a weak estrogen called estriol. 
The production of estriol increases tenfold during pregnancy, 
so that by the third trimester estriol accounts for about 90% of 
the estrogens excreted in the mother’s urine. Since almost all 
of this estriol comes from the placenta (rather than from ma- 
ternal tissues), measurements of urinary estriol can be used 
clinically to assess the health of the placenta. 


Umbihcal Cord 


The umbilical cord forms as the yolk sac shrinks and the 
amnion expands to envelop the tissues on the underside of 
the embryo. The formation of the umbilical cord is illus- 
trated in figure 30.17. 

The umbilical cord usually attaches near the center of 
the placenta. When fully formed, it is about 1 to 2 cm (0.5 
to Lin.) in diameter and approximately 55 em (2 ft) long. 
The umbiheal cord contains two umbilical arteries, which 
carry deoxygenated blood toward the placenta, and one um- 
bilical vein, which carries oxygenated blood from the pla- 
centa to the embryo (see fig. 21.37). These vessels are 
surrounded by embryonic connective tissue called mucoid 
connective tissue (Wharton’s jelly). 


Wharton's jelly from Thomas Wharton, English anatomist 1614-73 
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= The umbilical cord has natural twists because the 
umbilical vein is longer than the arteries. In about 
one-fifth of all deliveries, the cord is looped once 
around the baby’s neck. If drawn tightly, the cord 
may cause death or serious perinatal problems. 


structural Changes of the Embryo by Weeks 


Third Week = Early in the third week a thick linear band 
called the primitive line, appears along the dorsal midline 
of the embryonic dise (see fig. 30.11). The primitive line is 
derived from the mesodermal cells, which are specialized 
from the ectodermal layer of the embryonic mass. The 
primitive line establishes a structural foundation for em- 
bryonic morphogenesis along a longitudinal axis. As the 
primitive line elongates, a prominent thickening called 
the primitive node appears at its cranial end (fig. 30.18). 
The primitive node later gives rise to the mesodermal struc- 
tures of the head and the notochord. To give support to 
the embryo, the notochord forms a midline axis that is the 
basis of the embryonic skeleton. The primitive line also 
gives rise to loose embryonic connective tissue called in- 
traembryonic mesoderm (mesenchyme), which differen- 
tiates into all the various kinds of connective tissue found 
in the adult. One of the earliest formed organs is the skin, 
which develops to support and maintain homeostasis 
within the embryo. 

A tremendous amount of change and specialization 
occurs during the embryonic stage. The factors that 
cause precise, sequential change from one cell or tissue 
type to another are not fully understood. Itas known, 
however, that the potential for change ts programmed 
into the genetics of each cell and that under conducive 
environmental conditions these characteristics become 
expressed. The process of developmental change is referred 
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(e) 
FIGURE 30.17 
The formation of the umbilical cord and other 
Ictures as seer sagittal s { the « 
) A conn stalk forms as the developing 
yround the embryo and finally meets ventrally. 


cord begins to take form as the amnion 


to as induction. Induction occurs when one tissue, called 
the inductor tissue, has a marked effect on an adjacent tis- 
sue, causing it to become induced tissue and stimulating it 
to differentiate. 


Fourth Week 


embryo increases about 4 mm in length. A connecting stalk, 


During the fourth week of development, the 


which is later involved in the formation of the umbilical 


induction: L. inductus. to lead in 


Uterine cavily 


Chorionic cavity 


Connecting stalk 


Cervix of uterus 


Intervillous space 


Villous chorion 


Umbilical cord 


Amnion 


Smooth chorion 


Isthmus of 
uterus 


Umbilical vein 


Wharton's jelly 


Umbilical arteries 


Yolk sac 
(Cc) 


Amnion 


of the umbilhix 


cal cord and pl 


developed structures. (e) A 16-week-old { 


cord, is established from the body of the embryo to the de- 
veloping placenta (fig. 30.19). By this time. the heart is 
pumping blood to all parts of the embryo. The head ea) jaws 
are apparent, and the primordial tissue that will form tie 
eyes, brain, spinal cord, lungs, and digestive organs has de- 
veloped. The superior and inferior limb buds <e teed 
able as small swellings on the lateral body walls. — 


Fifth Week = Embryonic changes during the fifth week are 


not as extensive as those during the fourth week. The head 
enlarges, and the developing eyes, ears, and nasal pit are 
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(FIGURE 30.18 
The appearance of the primitive line and primitive node along 


the embryonic disc. These progressive changes occur through the 
process of induction. 
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16.0-210 mm 


40 + 1 day 


Progressive illustrations of 5-week-old embryos and a photograph of a 5-week-old 
embryo. (Note the digital primordia and the developing eyes and ears.) 


obvious (fig. 30.20). The appendages have formed from the 
limb buds, and paddle-shaped hand plates develop digital 


ridves called finger, or digital, primordia. 


During the sixth week, the embryo ts 16-24 


Sixth Week 
mm long. The head ty much larger than the trunk, and the 
hrain has undergone marked differentiation. It is at this pe- 
riod of development that the vital organs are most \ ulner- 
able. An anterruption at this critical time can easily Cause 


congenital damage. The limbs undergo considerable change 


during this week. The torelimbs are lengthened and slightly 


flexed, and notches appear between the primordia in the 


hand and foot plates. 


During the last 2 weeks of 


Seventh and Eighth Weeks 


the embryonic stage, the embryo, which ts now 28-40 


mm Jong. has distinee human characteristics (tgs 30.21 


and 30.22). The body organs are formed, and the nervous 


system begins coordinating body activity. The neck re- 
gion is apparent, and the abdomen is less protuberant. 
The eyes are well developed, but the lids are stuck to- 
gether to protect against probing fingers during muscular 
movement. The nostrils are developed but plugeed with 
mucus. The external genitalia are forming but are still 
undifferentiated. The body systems are dev eloped by the 
end of the ehth week, and from this time on the em- 
bryo as called a fetus. 
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(a) 45 + 1 day 
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(c) 52 + 1 day 
(0 FIGURE 30.21 


A photograph of a 6-week-old embryo and progressive illustrations of 6- and 7-week-old embryos. 


Fetal Periot 


The fetal pertod, begmming at week 9 and culmmaung at birth, 


is characterized by tremendous growth and the spectalization of 


body sauctures 


Since most of the tissues and organs of the body become ap- 
parent during the embryonic period, the fetus ts recogniz- 
able as a human being at 9 weeks and ts far bess vulnerable 
than the embryo to deformation from viruses, drugs, and ra- 
dianion. A smalbamount of tissue differentiation and organ 
development still occurs during the tetal period bur tor the 
most part tetal development is primarily limited to body 
growth. Changes in external appearance ot the fetus trom 
the ninth through the thirty-erghth week are depicted in 
figure 30.23. The following ts a discussion of the weekly 
structural changes of the fetus as it grows and matures. 
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Nine to Twelve Weeks At the beginning of the ninth 
week, the head is as large as the rest of the body. The eyes are 
widely spaced, and the ears are set low. Head growth slows 
during the next 3 weeks, whereas lengthening of the body ac- 
celerates. Ossification centers appear in most bones during 
the ninth week. Differentiation of the external genitalia be- 
comes apparent at the end of the ninth week, but the geni- 
taha are not developed to the point of sex determination 
until the twelfth week. By the end of the twelfth week, the 
fetus tis 87 mm (3.5 in.) long and weighs about 45 ¥ (1.6 oz), 
It can swallow, digest the fluid that passes through its sys- 
tem, and defecate and urinate ito the ammiotic fluid. The 
nervous system and muscle coordination are developed 
enough se that the tetus wall withdraw its leg if ickled. The 
fetus begins inhaling through its nose but can take im only 
amniotic fluid. The external appearance of fetuses at 10 and 
12 weeks ty depicted tn figure 30.24. 
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predictable from genetic analysis. can often be 
detected by ultrasonography (fig. 30.25). Sound-wave 
” wibrations are reflected from the interface of tissues 

with different densities—for example, from the interface 
between the fetus and ammuotic fluid—and used to produce 
an image. This technique ts so sensitive that it can be used to 
detect a fetal heartbeat several weeks before it can be 
detected by a stethoscope. 


\ Major structural abnormalities, which may not be 


Thirteen to Sixteen Weeks By the thirteenth week, the fa- 
cial features are well formed, and epidermal structures such as 
eyelashes, eyebrows, hair on the head, fingernails, and nip- 
ples, begin to develop. The appendages lengthen, and by the 
sixteenth week the skeleton is sufficiently developed to show 
up clearly on radiographs. During the sixteenth week, the fetal 
heartbeat can be heard by applying a stethoscope to the moth- 
er's abdomen. By the end of the sixteenth week, the fetus is 
140 mm long (5.5 in.) and weighs about 200 g (7 oz). 


After the sixteenth week, fetal length can be 
determined from radiographs. The reported 
y length of a fetus is generally derived froma 
straight line measurement from the crown of the 
head to the developing ischium (crown-rump length). 
Measurements made on an embryo prior to the fetal 
stage, however, are not reported as crown-rump 
measurements but as total length. 


Seventeen to Twenty Weeks) Between the seventeenth 
FIGURE 30.22 and twentieth weeks, the legs achieve their final relative 


Photograph of an 8-week-old embryo. The body systems have . ; : 
developed by the end of the eighth week, and the embryo is proportions and fetal movements, known as quickening, 


recognizable as human. are commonly felt by the mother. The skin is covered with 
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FIGURE 30.23 
Changes in the external appearance of ihe fetus 
from week 9 through week 38. ¢ 
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a white, cheeselike material known as vernix caseosa. It 
consists of fatty secretions from the sebaceous glands and 
dead epidermal cells. The function of vernix caseosa is to 
protect the tetus while it is bathed in amniotic fluid. 
Twenty-week-old fetuses usually have fine, silklike fetal hair 
called lanugo (l&-noo ‘go) covering the skin. Lanugo is 
thought to hold the vernix caseosa on the skin and produce 
a ciharylike motion that moves amniotic fluid. The length 
of a 20-week-old fetus is about 190 mm (7.5 in.) and it 
weighs about 460 gm (16 oz). Because of cramped space, 
the fetus develops a marked spinal flexure and is in what is 
commonly called the fetal position, with the head bent 
down in contact with the flexed knees. 


Twenty-One to Twenty-Five Weeks Between the twenty- 
first and twenty-fifth weeks, the fetus increases its weight sub- 
stantially to about 900 gm (32 oz). Body length increases only 
moderately (to 240 mm), however, so the weight is evenly 
proportioned. The skin is quite wrinkled and is translucent. 
Because the blood flowing in the capillaries is now visible, 
the skin appears pinkish. 


Twenty-Six to Twenty-Nine Weeks = Toward the end of the 
26-to-29-week period, the fetus will be about 275 mm (11 
in.) long and will weigh about 1,300 gm (46 oz). A fetus 
might now survive if born prematurely, but it will need help 
in adjusting to the outside environment. Its body metabolism 
cannot yet maintain a constant temperature, and the respi- 
ratory muscles have not matured enough to provide a regu- 
lar respiratory rate. If, however, the premature infant is put 
in an incubator and a respirator is used to maintain its 
breathing, it may survive. The eyes open during this period, 
and the body is well covered with lanugo. If the fetus is a 
male, the testes should have begun descent into the scro- 
tum. As the time of birth approaches, the fetus rotates to a 
vertex position (fig. 30.26). The head repositions toward 
the cervix because of the shape of the uterus and because 
the head is the heaviest part of the body. 


Thirty to Thirty-Eight Weeks Ac the end of 38 weeks, 
the fetus is considered full-term. It has reached a crown- 
rump length of 360 mm (14 in.) and weighs about 3,400 
gm (7.5 Ib). The average total length from crown to heel is 
50 cm (20 in.). Most fetuses are plump with smooth skin 
because of the accumulation of subcutaneous fat. The skin 
is pinkish-blue, even in fetuses of dark-skinned parents, 
because melanocytes do not produce melanin until the skin 


is exposed ro sunlight. Lanugo hair is sparse and 1s generally 


found on the head and back. The chest is prominent, and 


vernix caseosa. L. vernix, varnish, L. caseus, cheese 


lanugo L Jana, wool 
vertex. L vertex, summit 


the mammary area protrudes in both sexes. The external 


genitalia are somewhat swollen. 


labor and Parturition 


Labor and parturition are the culmination of gestation and require the 
action of oxytocm, secreted by the posterior pituitary, and 
prostaglandins, produced m the uterus. 

The time of prenatal development, or the time of pregnancy, 
is called gestation. The human gestational period ts usually 
266 days or about 280 days from the beginning of the last 
menstrual period to parturition, or birth. Most fetuses are 
born within 10 to 15 days before or after this time. Parturi- 
tion is accompanied by a sequence of physiological and phys- 
ical events called labor. 

The onset of labor is denoted by rhythmic and forceful 
contractions of the myometrial layer of the uterus (see table 
30.4). In true labor, the pains from uterine contractions occur 
at regular intervals and intensify as the interval between 
contractions shortens. A reliable indication of true labor is 
dilation of the cervix and a show, or discharge, of blood- 
containing mucus in the cervical canal and vagina. In false 
labor, abdominal pain is experienced at irregular intervals, 
and cervical dilation and cervical show are absent. 

The uterine contractions of labor are stimulated by two 
agents: (1) oxytocin (ok “st-to’sin), a polypeptide hormone 


SOR e Peete eeseeereeeseeeeseseeeeseee 


gestation: L. gestatus, to bear 


Ammiotic fluid 


Amniochononic 
membrane 


FIGURE 30.26 

A fetus in vertex position. Toward the end of most pregnancies, the 
weight of the fetal head causes a rotahon of its entire body such 
that the head 1s positioned in contact with the cervix of the uterus 
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Table J0.4 Sequence of events leading 


to the onset of labor in 


humans 
a | 


es 


1 High estrogen secretion from the placenta stimulate 
7 Production of oxytocin receptors in the uterus. — 


Uterine muscle (myometrium) becomes increa 
Sensitive to effects of oxytocin during pregnancy. 


Oxytocin may stimulate production of prostaglandins 
in the uterus. > 


Prostaglandins may stimulate uterine contractions 
_ Contractions of the uterus stimulate oxytocin - 


Placenta 


Symphysis 


Urinary 
bladder 


(a) 


Placenta 


(c) 


FIGURE 30.27 


Thea stages of jabor and parturition. (a) The position of the fetus 


prior to labor. (b) The ruptured amniotic sac and early dilation of 
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produced in the hypothalamus and released from the posterior 
pituitary and (2) prostaglandins (pros “ta-glan ‘dinz), a class 
of fatty acids produced within the uterus itself. Labor can in- 
deed be induced artificially by injections of oxytocin or by 
the insertion of prostaglandins into the vagina as a suppository. 


_s 


The hormone relaxin, produced by the corpus luteum, 
may also be involved in labor and parturition 

Relaxin is known to soften the symphysis pubis in 
preparation for parturition and is thought to also 
soften the cervix in preparation for dilation. It may be, 
however, that relaxin does not affect the uterus, but rather 
that progesterone and estradiol may be responsible for this 
effect. Further research is necessary to understand the total 
physiological effect of these hormones. 


As illustrated in figure 30.27, labor is divided into three stages: 


] Dilation stage. In this period, the cervix dilates to a diameter 
of approximately 10 em. Contractions are regular during this stage 
and the amniotic sac (bag of waters) generally ruptures. Hf the 
amniotic sac does not rupture spontaneously, it is done surgically. 
The dilation stage generally lasts 8 to 24 hours. 


Ruptured © 


(b) 


the cervix. (c) The expulsion stage. or period of parturition. 
(d) The placental stage. 
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2 Expulsion stage. This ts the period of parturition, or actual 
childbirth) It consists of forceful uterine contractions and 
abdominal compressions to expel the fetus from the uterus and 
through the vagina. This stage may require 30 minutes ina first 
pregnancy but only a few minutes im subsequent pregnancies. 


3 Placental stage. Generally within 10 to 15 minutes after 
parturition, the placenta ts separated from the uterine wall and 
expelled as the afterbirth. Forceful uterine contractions 
characterize this stage, constricting uterine blood vessels to 
prevent hemorrhage. In a normal delivery, blood loss does not 
exceed 350 ml. 


A pudendal nerve block may be administered during the 
early part of the expulsion stage to ease the trauma of de- 
livery for the mother and to allow for an episiotomy. 


r Five percent of newborns are born breech. Ina 
breech birth, the fetus has not rotated and the 
buttocks are the presenting part. The principal 
concern of a breech birth is the increased time and 

difficulty of the expulsion stage of parturition. Attempts to 
rotate the fetus through the use of forceps may injure the 
infant. If an infant cannot be delivered breech, a cesarean (sI- 
zar’e-an) section must be performed. A cesarean section is 
delivery of the fetus through an incision made into the 
abdominal wall and the uterus. 


Inheritance 


Inheritance ts the passage of hereditary traits carried by the genes on 


chromosomes from one generation to another. 


Genetics is the branch of biology that deals with inheritance. 
Genetics and inheritance are important in anatomy and phys- 
iology because of the numerous developmental and func- 
tional disorders that have a genetic hasis. The knowledge of 
which disorders and diseases are inherited finds practical ap- 
plication in genetic counseling. The genetic inheritance of an 
individual begins with conception. 

As explained in chapter 28, each zygote inherits 23 
chromosomes from the mother and 23 chromosomes from 
the father. This does not produce 46 different chromosomes; 
rather, it produces 23 pairs of homologous chromosomes. With 
the important exception of the sex chromosomes, the mem- 
bers of a homologous pair appear to be structurally identi- 
cal and contain similar genes. These homologous pairs of 
chromosomes can be karyotyped (photographed or illus- 
trated) and identified (as shown in fig. 30.28). Each cell 
that contains 46 chromosomes (that is diploid) has two num- 
ber 1 chromosomes, two number 2 chromosomes, and so on 
through chromosomes number 22. The first 22 pairs of chro- 
mosomes are called autosomal chromosomes. The twenty- 
third pair are the sex chromosomes. In a female these consist 


of two X chromosomes; in a male there is one X chromo- 
some and one Y chromosome. The X and Y chromosomes 


look different and contain different genes. 


Genes and Alleles A gene is the portion of the DNA of 
a chromosome that contains the information needed to syn- 
thesize a particular protein molecule. Although each diploid 
cell hay a pair of genes for each characteristic, these genes 
may he present in a number of alternate forms. Those alter- 
nate forms of a gene that affect the same characteristic, but 
that produce different expressions of that characteristic, are 
called alleles (a-lélz). One allele of each pair originates from 
the female parent and the other from the male. The shape of 
a person's ears, for example, is determined by the kind of al- 
lele received from each parent and how the alleles interact. 
Alleles are always located on the same spot (called a locus) 
on homologous chromosomes (fig. 30.29). 

For any particular pair of alleles in a person, the two 
alleles are either identical or not identical. If the alleles are 
identical, the person is said to be homozygous (ho “mo-zi gus) 
for that particular characteristic. But if the two alleles are 
different, the person is heterozygous (het “er-o-zi gus) for 
that particular trait. 


(b) 
FIGURE 30.28 


A karyotype of homologous pairs of chromosomes obtained from 
a human diploid cell. The first 22 pairs of chromosomes are called 
the autosomal chromosomes. The sex chromosomes are (a) XY for 
a male and (b) XX for a female. 
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Genotype and Phenotype A person's DNA contains a cat- 
alog of genes known as the genotype of that person. The ex- 
pression of those genes results in certain observable 
characteristics referred to as the phenotype. 

If the alleles for a particular trait are homozygous, the 
characteristic expresses itself ina specific manner (two al- 
leles for attached earlobes, for example, results in a person 
with attached earlobes). If the alleles fora particular trait 
are heterozygous, however, the allele that expresses itself 
and the way in which the genes for that trait interact will 
determine the phenotype. Often one of the alleles expresses 
itself as the dominant allele, while the other does not and 
is the recessive allele. The combinations of dominant and 
recessive alleles are responsible for a person's hereditary 
traits (table 30.5). 


Normal Sickle-cell 
hemoglobin hemoglobin 
Free Attached 
earlobes earlobes 
Blood type O Blood type A 
Suns/Scnenk 
FIGURE 30.29 


A pair of homologous chromosomes. Homologous chromosomes 
contain genes for the same characteristic at the same locus. 


— 


In describing genotypes, it is traditional to use letter 
symbols to refer to the alleles of an organism. The dominant 
alleles are symbolized by uppercase letters and the recessive 
alleles are symbolized by lowercase. Thus, the genotype of a 
person who is homozygous for free earlobes due to a domi- 
nant allele is symbolized EE; a heterozygous pair is symbol- 
ized Ee. In both of these instances, the phenotypes of the 
individuals would be free earlobes due to the presence of a 
dominant allele in each genotype. A person who inherited 
two recessive alleles for earlobes would have the genotype ee 
and would have attached earlobes. 

Thus, three genotypes are possible when gene pairing 
involves dominant and recessive alleles. They are ho- 
mozygous dominant (EE), heterozygous (Ee), and homozy- 
gous recessive (ee). Only two phenotypes are possible, 
however, since the dominant allele is expressed in both 
the homozygous dominant (EE) and the heterozygous (Ee) 
individuals. The recessive allele is expressed only in the 
homozygous recessive (ce) condition. Refer to figure 30.30 
for an illustration of how a homozygous recessive trait 
may be expressed in a child of parents who are heterozy- 
gous dominant. 


Probability A Punnett square is a convenient way to ex- 
press the probabilities of allele combinations for a particular 
inheritable trait. In constructing a Punnett square, the male 
gametes (spermatozoa) carrying a particular trait are placed 
at the side of the chart, and the female gametes (ova) at the 
top, as in figure 30.31. The four spaces on the chart represent 
the possible combinations of male and female gametes that 
could form zygotes. The probability of an offspring having 
a particular genotype is | in 4 (.25) for homozygous domi- 
nant and homozygous recessive and | in 2 (.50) for het- 
erozygous dominant. 

A genetic study in which a single characteristic (e.u., 
ear shape) ts followed from parents to offspring is referred 
to as a monohybrid cross. A genetic study in which two 


anya a aS tf ing oe Sea oe ALS Saget PROP T DREMEL EE 
Table 40.5 Hereditary traitsinhumansdeterminedby es aoe j 
single pairs of dominantandrecessivealleles “ Siig he 
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Father's genotype Mother's genotype 
Ee Ee 
Two kinds of sperm are Two kinds of eqgs are 
possible—one with the E possible—one with the E 
gene and the other with gene and the other with 
the e gene the e gene 


OF 


Fertilization 


This child would be homozygous for attached 
earlobes, having received one allele for 
attached earlobes from each parent 


FIGURE 30.30 
Inheritance of ear shape. Two parents with {ree earlobes can 
have a child with attached earlobes 


Ee Ee 
Homologous Homologous 
chromosomes chromosomes 


of heterozygous father of heterozygous mother 


Punnett square 


Probability of 1 EE 2 Ee 1 ee 
genotypes of Homozygous Heterozygous Homozygous 
offspring dominant dominant recessive 


Probability of 1 EE 2 Ee, , 166, 


f 
moka : Has free earlobes ete — 
FIGURE 30.31 


Inheritance of the shape of earlobes 


characteristics are followed from parents to offspring ts Te- 
ferred to as a dihybrid cross (fig. 30.32). The term hybrid 
refers to.an offspring descended from parents w ho have dif- 


ferent genotypes. 


Sex-Linked Inheritance 9 Certain inherited traits are located 
on asex-determining chromosome and are called sex-linked 


characteristics. The allele for red-green color blindness, for 


@ 
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E = free earlobes allele 


Symbols for e = attached earlobes allele 
the four alleles D = dark nair 
d = light hair 


Phenotypes of 
the parents 


dark hair a dark nair 
free _ ~ free 
earlobes SS earlobes 


Genolypes 
of the parents 


Sad 


Produced 925 025 025 025 | 025 025 025 025 


EeDd 


EeDd 


Possible combinations 
of gametes 
Mother's gametes 
ED eD Ed ed 


* * + * 
EE DD |eE DD\EE aD|eE dD 
* e * e 
Ee DD jee DD |Ee dD |ee dD 
* * i] | 
EE Dd |jeE Dd |EE dd jeE ad 

* ° a 
Ee Dd jee Dad |Ee dd jee dd 
FIGURE 30.32 


A dihybrid cross studies the probability of two characteristics at 
the same time. Any of the combinations of genes that have aD 
and an E (nine possibilines) will have free earlobes and dark hair 
erisk (+). Three of the possible 


ED 


eD 


Ed 


Father's gametes 


ed 


These are indicated with an 
combinations have two alleles for attached earlobes (ee) and at 
least one allele for dark hair. They are indicated with a det (e). 
Three of the combinations have free earlobes and Inght har. 


These are indicated 
has the genotype eedd for attached earlobes and light hair 


vith a square (#). The remaining possibility 


example, 1s determined by a recessive allele (designated c) 
found on the X chromosome but not on the Y chromosome. 
Normal color vision (designated C) dominates. The ability 
to discern red-green colors, therefore, depends enurely on the 
X chromosomes. The genotype possibilities are 


XCY Normal male 

XY Colorblind male 

XoXx¢ Normal temale 

XOX: Normal female carrying the recessive allele 
XX Colorblind female 


In order fora female to he red-green color blind, she must 
have the recessive allele on both oft her X chromosomes. 
Her father would have to be red-vreen color blind, and her 
mother would have to he a carrier for this condition, A male 


Intestine 


Body of uterus 


Proper ligament of 


_ Mesentery 


Lumen of uterine tube 


Implantation the ovary ’ 
at isthmus of Ovary ; 
uterus 

Cervical implantation 4 
pS ; 
Fimbriae : 
i, 7 
i 

FIGURE 30.33 q : 
The various sites of ectopic pregnancies. The normal site is indicated by an X and ; } 
the abnormal sites are indicated by letters in order of frequency of occurrence. , 


with only one such allele on his X chromosome, however, 
will show the characteristic. Since a male receives his X 
chromosome from his mother, the inheritance of sex-linked 
characteristics usually passes from mother to son. 


7 Hemophilia is a sex-linked condition caused by a 
recessive allele. The blood in a person with 
hemophilia fails to clot or clots very slowly after an 
injury. If H represents normal clotting and h 

represents abnormal clotting, then males with X"Y will be 
normal and males with X"Y will be hemophiliac. Females 
with X'X" will have the disorder 


Clinical Considerations 


Pregnancy and childbirth are natural events in human biology 
and generally progress smoothly without complications. Pre- 
natal development ts amazingly precise, and although trau- 
matic, childbirth for most women in the world takes place 
without the aid of a physician. Occasionally, however, seri- 
ous complications arise, and the knowledge of an obstetrician 
is required. The physician's knowledge of what Constitutes 
normal development and what tactors are responsible for con- 
genital malformations ensures the embryo and fetus every pos- 
sible chance to develop normally. Many of the clinical aspects 
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of prenatal development involve what might be referred to 
as applied developmental biology. 

In clinical terms, gestation is frequently divided into 
three phases, or trimesters, each lasting three calendar 
months. By the end of the first trimester all of the major 
body systems are formed, the fetal heart can be detected, 
the external genitalia are developed, and the fetus is about 
the width of the palm of an adult's hand. During the second 
trimester, fetal quickening can be detected, epidermal fea- 
tures are formed, and the vital body systems are function- 
ing. The fetus, however, would be still unlikely to survive if 
birth were to occur. At the end of the second trimester, fetal 
length is about equal to the length of an adult's hand. The 
fetus experiences a tremendous amount of growth and re- 
finement in system functioning during the third trimester. 
A fetus of this age may survive if born prematurely, and of 
course, the chances of survival improve as the length of preg- 
nancy approaches the natural delivery date. 

Many clinical considerations are associated with pre- 
natal development, some of which relate directly to the 
female reproductive system. Other developmental prob- 
lemy are genetically related and will be mentioned only 
brietly. Of clinical concern tor developmental anatomy are 
such topics as ectopic pregnancies, so-called test-tube ba- 
hies, muluple pregnancy, fetal monitoring, and congeni- 
tal detects. 
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Abnormal Implantation 
sites 


In an ectopic pregnancy the 
blastocyst implants outside 
the uterus or in an abnormal 
site within the uterus (fig. 
30.33). About 95% of the 
time, the ectopic location is 
within the uterine tube and is 
referred to as a tubal preg- 
nancy. Occasionally, implan- 
tation occurs near the cervix, 
where development of the pla- 
centa blocks the cervical 
opening. This condition, 
called placenta previa, causes 


FIGURE 30.34 


A laparoscope, used for various abdominal operations including 
the extraction of a preovulatory ovum. 


serious bleeding. Ectopic 

pregnancies will not develop normally in unfavorable loca- 
tions, and the fetus seldom survives beyond the first 
trimester. Tubal pregnancies are terminated through med- 
ical intervention. If a tubal pregnancy is permitted to 
progress, however, the uterine tube generally ruptures, fol- 
lowed by hemorrhaging. Depending on the location and the 
stage of development (hence vascularity) of a tubal preg- 


nancy, it may or may not be life-threatening to the woman. 


In Vitro Fertization and Artificial Implantation 


Reproductive biologists have been able to fertilize a human 
oocyte in vitro (outside the body), culture it to the blastocyst 
stage, and then perform artificial implantation, leading to 
a full-term development and delivery. This is the so-called 
test-tube baby. To obtain the oocyte, a specialized laparo- 
scope (fig. 30.34) is used to aspirate the preovulatory egg 
from a graafian follicle. The oocyte is then placed in a suit- 
able culture medium, where it ts fertilized with sperm. After 
the zygote forms, the sequential pre-eembryonic development 
continues until the blastocyst stage, at which time implan- 
tation is performed. In vitro fertilization with artificial im- 
plantation is a means of overcoming infertility problems due 
to damaged, blocked, or missing uterine tubes in females or 


low sperm counts in males. 


Multiple Pregnancy 


Twins occur about once in 85 pregnancies. They can de- 
velop in two ways. Dizygotic (fraternal) twins develop from 
nwo zygotes resulting from two spermatozoa fertilizing two 
oocytes in the same ovulatory cycle (fig. 30.35). Monozy- 
gotic (identical) twins form trom a single zygore (tig. 30.36). 


previa. L. previa, appearing betore or in front of 


® 
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Approximately one-third of 
twins are MOoNnozygotc. 
Dizygotic twins may be 
of the same sex or different 
sexes and are not any more 
alike than brothers or sisters 
born at different times. Dizy- 
gotic twins always have two 
chorions and two amnions, 
but the chorions and the 
placentas may be fused. 

Monozygotic twins are of 
the same sex and are geneti- 
cally identical. Any physical 
differences in monozygotic 
twins are caused by environ- 
mental factors during mor- 
phogenic development (e-g., 
there might be a differential 
vascular supply that causes slight differences to be expressed). 
Monozygotic twinning is usually initiated toward the end of 
the first week when the embryoblast divides to form two em- 
bryonic primordia. Monozygotic twins have two amnions 
but only one chorion and a common placenta. If the em- 
bryoblast fails to completely divide, conjoined twins 
(Siamese twins) may form. 

Triplets occur about once in 7600 pregnancies and may 
be (1) all from the same ovum and identical, (2) two iden- 
tical and the third from another ovum, or (3) three zygotes 
from three different ova. Similar combinations occur in 
quadruplets, quintuplets, and so on. 


Fetal Monitoring 


Obstetrics has benefited greatly from the advancements 
made in fetal monitoring in the last two decades. Before 
these techniques became available, physicians could deter- 
mine the welfare of the unborn child only by auscultation of 
the fetal heart and palpation of the fetus. Currently, there are 
several tests that provide much information about the fetus 
during any stage of development. Fetal conditions that can 
now be diagnosed and evaluated include genetic disorders, 
hypoxia, blood disorders, growth retardation, prematurity, 
postmaturity, and intrauterine infections. These tests also 
help determine the advisability of an abortion. 
Radiographs of the fetus were once commonly per- 
formed but were found harmful and have been replaced by 
other methods of evaluation that are safer and more infor- 
mative. Ultrasonography, produced by a mechanical vi- 
bration ot high trequency, produces a safe, high-resolution 
(sharp) image of fetal structure (fig. 30.37). Ultrasonic 
imaging 1s a relable way to determine pregnancy as early 
as 6 weeks atter ovulation. It can also be used to determine 


FIGURE 30.35 


e formation of d 


izygohe twins. Twins of this type are not 

tential but fraternal and may have (a) separate or (b) fused 
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piacentas. (c) A photograph of fraternal twins at 11 weeks 
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FIGURE 30.36 
he formation of monozygctic twins. Twina of this type develop 
The formation of monozyg¢ 
Cc ~ +, we 
{rom a single zygote and are identical Such twins have two 
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Sees — Amniotic fluid 


Placenta 


Left cerebral 
hemisphere 


HN ead 


Orbit of eye 


Left hand 


Uterine wall 


Thorax 


FIGURE 30.37 
A color-enhanced ultrasonogram of a fetus during the third 
trimester. The left hand is raised, as 1f waving to the viewer. 


fetal weight, length, and position, as well as to diagnose 
multiple fetuses. 

Amniocentesis is a technique used to obtain a small 
sample (5-10 ml) of amniotic fluid with a syringe so that 
the fluid can be assessed (see fig. 30.14). Amniocentesis is 
most often performed to determine fetal maturity, but it can 
also help to predict such serious disorders as Down syndrome 
and Gaucher's disease (a metabolic disorder). 

Fetoscopy (fig. 30.38) goes beyond amniocentesis 
by allowing direct examination of the fetus. Using fe- 
toscopy, physicians scan the uterus with pulsed sound 
waves to locate fetal structures, the umbilical cord, and 
the placenta. Skin samples are taken from the head of the 
fetus and blood samples extracted from the placenta. The 
principal advantage of fetoscopy is that external features 
of the fetus (such as fingers, eyes, ears, mouth, and geni- 
tals) can be carefully observed. Fetoscopy is also used to 
determine several diseases, including hemophilia, thal- 
assemia, and sickle-cell anemia cases, 40% of which are 
missed by amniocentesis. 

Most hospitals are now equipped with instruments 
that monitor fetal heart rate and uterine contractions dur- 
ing labor. This procedure is called Electronic Monitoring 
of Fetal Heart Rate and Uterine Contractions (FHR-UC 
Monitoring). The extent of stress to the fetus from uterine 


amniocentesis: Gk. amnion, lamb (fetal membrane), kentesis, puncture 
tetoscopy: L. fetus, offspring, skopein, to view 


Endoscope 
(guided to exact 

location by pulsed 
sound waves) 
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withdraws 
blood 


Placenta 


Fiber optics 


Needle punctures fetal 
vein on placenta 


FIGURE 30.38 


Fetoscopy. 


contractions can be determined through FHR-UC moni- 
toring (fig. 30.39). Long, arduous deliveries are taxing to 
both the mother and fetus. If the baby's health and vitality 
are diagnosed to be in danger because of a difficult delivery, 
the physician may decide to perform a cesarean section. 


Congenital Defects 


Major developmental problems called congenital malfor- 
mations occur in approximately 2% of all newborn infants. 
The causes of congenital conditions include genetic inher- 
itance, mutation (genetic change), and environmental fac- 
tors. About 15% of neonatal deaths are attributed to 
congenital malformations. The branch of developmental bi- 
ology concerned with abnormal development and congeni- 
tal malformations is called teratology. Many congenital 
problems have been discussed in previous chapters, in con- 
nection with the body system in which they occur. 


congenital: L. congenitus, born with 
teratology: Gk. feras, monster; fogos, study of 
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Genetic Disorders of Clinical Importance 


cystic fibrosis An autosomal recessive 
disorder characterized by the formation of 
thick mucus in the lungs and pancreas that 
interferes with normal breathing and 


digestion. 


familial cretinism An autosomal recessive 
disorder characterized by a lack of thyroid 
secretion due to a defect in the iodine 
transport mechanism. Untreated children are 
dwarfed, sterile, and may be mentally 


retarded 


galactosemia An autosomal recessive 
disorder characterized by an inability to 
metabolize galactose, a component of milk 
sugar. Panrents with this disorder have 
cataracts, damayed livers, and mental 


retardation 


gout) An autosomal dominant disorder 
characterized by an accumulation of uric acid 
in the blood and tissue due to an abnormal 


metabolism of purines. 
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hepatic porphyria An autosomal dominant 
disorder characterized by painful 
gastrointestinal disorders and neurologic 
disturbances due to an abnormal metabolism 
of porphyrins. 


A sex- 
influenced, autosomal dominant disorder 


hereditary hemochromatosis 


characterized by an accumulation of iron in 
the pancreas, liver, and heart, resulting in 
diabetes, cirrhosis, and heart fatlure. 


hereditary leukomelanopathy An 
autosomal recessive disorder characterized by 
decreased pigmentation in the skin, hair, and 
eyes and abnormal white blood cells. Patients 
with this condition are generally susceptible 
to infections and early deaths. 


Huntington's chorea) An autosomal 
dominant disorder characterized by 
uncontrolled twitching of skeletal muscles 
and the deterioration of mental capacities. A 
larent expression of this disorder allows the 
mutant gene to be passed to children before 


the symptoms develop 
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Huntington's chorea from George Huntington, American 
physician, 1850-1916 


An autosomal dominant 
disorder characterized by tremendous growth 


Marfan's syndrome 


of the extremities, extreme looseness of the 
joints, dislocation of the lenses, and 
congenital cardiovascular defects. 


phenylketonuria (fen “il-két “un-oor e- a) 
(PKU) 
characterized by an inability to metabolize 
the amino acid phenylalanine. This 1s 
accompanied by brain and nerve damage and 
mental retardation 


An autosomal recessive disorder 


pseudohypertrophic muscular dystrophy 

A sex-linked recessive disorder characterized 
by progressive muscle atrophy. It usually 
begins during childhood and causes death in 
adolesc ence. 


retinitis pigmentosa A sex-linked recessive 
disorder characterized by progressive atrophy 


of the retina and eventual blindness. 


Tay-Sachs disease An autosomal recessive 
disorder Characterized by a detertoration of 
physical and mental abilines, early blindness 
and early death 
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Martan’s syndrome from Antoine Bernard-Jean Marfan, 
French physician, 1858-1942 

Tay-Sachs disease trom Warren Tay, English physician, 
1843-1927, and Bernard Sachs. Amencan Neurologist, 
1858-1944 
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Chapter aummary 


Fertilization (pp. 899-901) 


1. Upon fertilization of a secondary oocyte 
by a spermatozoon in the uterine tube, 
meiotic development is completed and a 
diploid zygote is formed. 

2. Morphogenesis is the sequential 
formation of body structures during the 
prenatal period of human life. The 
prenatal period lasts 38 weeks and is 
divided into a pre-embryonic, an 
embryonic, and a fetal period 

3. Acapacitated sperm digests its way 
through the zona pellucida and corona 
radiata layers of the secondary oocyte to 
complete the fertilization process and 
formation of a zygote. 


Pre-embryonic Period (pp. 902-906) 


1. Cleavage of the zygote is initiated within 
30 hours and continues until a morula 
forms; the morula enters the uterine 
Cavity on about the third day. 

2. Ahollow, fluid-filled space forms within 
the morula, and it is then called a 
blastocyst. 

3. Implantation begins between the fifth and 
seventh day and is enabled by the 
secretion of enzymes that digest a portion 
of the endometrium. 

a. During implantation, the trophoblast 
cells secrete human chorionic 
gonadotrophin (hCG), which prevents 
the breakdown of the endometrium 
and menstruation. 

b. The secretion of hCG declines by the 
tenth week as the developed placenta 
secretes steroids that maintain the 
endometrium. 

4. The embryoblast of the implanted 
blastocyst flattens into the embryonic 
disc, from which the primary germ layers 
of the embryo develop. 

a. Ectoderm gives rise to the nervous 
system, the epidermis of the skin and 
epidermal derivatives, and portions of 
sensory organs. 

b. Mesoderm gives rise to bones, 
muscles, blood, reproductive organs, 
the dermis of the skin, and connective 
tissue 

c. Endoderm gives rise to linings of the 
Gl tract, digestive organs, the 
respiratory tract and lungs, and the 
urinary bladder and urethra. 
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Embryonic Period (pp. 906-917) 


1. The events of the 6-week embryonic 
period include the differentiation of the 
germ layers into specific body organs and 
the formation of the placenta, the 
umbilical cord, and the extraembryonic 
membranes. These events make it 
possible for morphogenesis to continue. 

2. The extraembryonic membranes include 
the amnion, yolk sac, allantois, and 
chorion 
a. The amnion is a thin membrane 

surrounding the embryo. It contains 
amniotic fluid that cushions and 
protects the embryo. 

b. The yolk sac produces blood for the 
embryo. 

c. The allantois also produces blood for 
the embryo and gives rise to the 
umbilical arteries and vein 

d. The chorion participates in the 
formation of the placenta. 

3. The placenta, formed from both maternal 
and embryonic tissue, has a transport 
role in providing for the metabolic needs 
of the fetus and in removing its wastes. 
a. The placenta produces steroid and 

polypeptide hormones. 

b. Nicotine, drugs, alcohol, and viruses 
can cross the placenta to the fetus. 

4. The umbilical cord, containing two 
umbilical arteries and one umbilical vein, 
is formed as the amnion envelops the 
tissues on the underside of the embryo 

5. From the third to the eighth week, the 
structure of all the body organs, except 
that of the genitalia, becomes apparent. 
a. During the third week, the primitive 

node forms from the primitive line, 
which later gives rise to the notochord 
and intraembryonic mesoderm. 

b. By the end of the fourth week, the 
heart is beating; the primordial tissues 
of the eyes, brain, spinal cord, lungs, 
and digestive organs are properly 
positioned; and the superior and 
inferior limb buds are recognizable. 

c. At the end of the fifth week, the sense 
organs are formed in the enlarged 
head and the appendages have 
developed, with digital primordia 
evident. 

d. During the seventh and eighth weeks, 
the body organs, except for the 
genitalia, are formed and the embryo 
appears distinctly human. 


Fetal Period (pp. 917-920) 


1. 


A small amount of tissue differentiation 
and organ development occurs during the 
fetal period, but for the most part fetal 
development is primarily limited to body 
growth 

Between weeks 9 and 12, ossification 
centers appear, the genitalia are formed, 
and the digestive, urinary, respiratory, 
and muscle systems show functional 
activity. 

Between weeks 13 and 16, facial features 
are formed and the fetal heartbeat can be 
detected with a stethoscope. 

During the 17-to-20-week period, 
quickening can be felt by the mother, and 
vernix caseosa and lanugo cover the skin 
of the fetus. 

During the 21-to-25-week period, 
substantial weight gain occurs and the 
fetal skin becomes wrinkled and pinkish. 
Toward the end of the 26-to-29-week 
period, the eyes have opened, the gonads 
have descended in a male, and the fetus 
is developed to the extent that it might 
Survive if born prematurely. 


. At 38 weeks, the fetus is full-term; the 


normal gestation is 266 days. 


Labor and Parturition (pp. 920-922) 


le 


Labor and parturition are the culmination 
of gestation and require the action of 
oxytocin, secreted by the posterior 
pituitary, and prostaglandins, produced in 
the uterus. 

Labor Is divided into dilation, expulsion, 
and placental stages. 


Inheritance (pp. 922-925) 


1. 


Inheritance is the passage of hereditary 
traits carried on the genes of 
chromosomes from one generation to 
another. 

Each zygote contains 22 pairs of 
autosomal chromosomes and 1 pair of 
sex chromosomes—xx in a female and 
XY in a male. 

A gene is the portion of a DNA molecule 
that contains information for the 
Production of one kind of protein 
molecule. Alleles are different forms of 
genes that occupy corresponding 
Positions on homologous chromosomes. 
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4. 


The combination of genes in an 

individual's cells constitutes his or her 

genotype; the appearance of a person is 

his or her phenotype 

a. Dominant alleles are symbolized by 
uppercase letters and recessive alleles 
are symbolized by lowercase letters 

b. The three possible genotypes are 
homozygous dominant, heterozygous, 
and homozygous recessive. 


5. A Punnett square is a convenient means 
for expressing probability. 
a. The probability of a particular 
genotype is 1 in 4 (.25) for 
homozygous dominant and 


homozygous recessive and 1 in 2 (.50) 


for heterozygous dominant. 


b. Asingle trait is studied ina 
monohybrid cross, two traits are 
studied in a dihybrid cross. 

Sex-linked traits like color blindness and 

hemophilia are carried on the sex- 

determining chromosome. 


Review Activities 


Objective Questions 


ie 


The pre-embryonic period is completed 
when 

a. the blastocyst implants. 

b. the placenta forms. 

c. the blastocyst reaches the uterus. 
d. the primary germ layers form. 
The yolk sac produces blood for the 
embryo until 

a. the heart ts functional. 

b. the kidneys are functional. 

c. the liver is functional. 

d. the baby is delivered. 


. Which of the following is a function of the 


placenta? 

a. production of steroids and hormones 
b. diffusion of nutrients and oxygen 

c. production of enzymes 

d. all of the above apply. 


. The decidua basalis is 


a. acomponent of the umbilical cord. 

b. the embryonic portion of the villous 
chorion. 

c. the maternal portion of the placenta. 

d. avascular membrane derived from the 
trophoblast. 

Which of the following could diffuse 

across the placenta? 

a. nicotine 

b. alcohol 

c. heroin 

d. all of the above apply. 


6. During which week following conception 
does the embryonic heart begin pumping 
blood? 

a. fourth week c. sixth week 
b. fifth week d. eighth week 

7. Twins that develop from two zygotes 
resulting from the fertilization of two ova 
by two sperm in the same ovulatory cycle 
are referred to as 
a. monozygotic twins. 

b. conjoined twins. 
c. dizygotic twins. 
d. identical twins. 

8. Match the genotype descriptions in the 
left-hand column with the correct 
symbols in the right-hand column. 


homozygous recessive Bb 
heterozygous bb 
homozygous dominant BB 


9. Anallele that is not expressed ina 
heterozygous genotype is called 
a. recessive. C. genotypic. 
b. dominant. d. phenotypic. 


10. If the genotypes of both parents are Aa 


and Aa, the offspring probably will be 
a. 2 AAand ‘4 aa. 

b. all Aa. 

c. “AA, 4 Aa, 4 aa. 

d. % AAand 4 aa. 


Essay Questions 


1, 


Describe the implantation of the 
trophoblast into the uterine wall and its 
involvement in the formation of the 
placenta. 

Explain how the primary germ layers 
form. What major structures does each 
germ layer give rise to? 

Explain why development during the 
embryonic period is so critical and list the 
embryonic needs that must be met during 
the embryonic period for morphogenesis 
to continue. 


. State the approximate time period (in 


weeks) for the following occurrences: 

a. appearance of the arm and leg buds. 

b. differentiation of the external genitalia. 

Cc. perception of quickening by the 
mother. 

d. functioning of the embryonic heart. 

e. initiation of bone ossification. 

f. appearance of lanugo and vernix 
caseosa. 

g. Survival of the fetus, if born 
prematurely. 

h. formation of all major body organs 
completed 


. State the features of a genetic disorder 


that would lead one to believe that it was 
a form of sex-linked inheritance 
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This appendix lists articles and books that may 


be useful to students who wish to deepen their 


understanding of particular topics in anatomy 
and physiology. The sequence of the 10 general 
content areas into which the references are 
grouped corresponds to the organization of the 
Text. 


Cell Structure and Function 


Atzelius, B. 1986. Disorders of ciliary motliry. 
Hospital Practice 21:73. 

Allen, Ro D. 1987 (February). The microtubule 
as an intracellular engine. Scientific 
American 

Anderson, W. F. 1992. Human gene therapy. 
Science 256:808. 

Bretscher, M.S. 1985 (October). The molecules 
of the cell membrane. Scientifte American. 

Brown, D. D. 1981. Gene expression in 
eukaryotes. Science 211:667. 

Cech, T. R. 1986 (November). RNA as an 
enzyme. Scientific American. 

Chambon, P. 1981 (May). Split genes. Screntific 
American, 

Collins, F. S. 1993. The molecular biology of 
cystic fibrosis. Annual Review of Medicme 
44.133. 

Crick, F. 1962 (October). The genetic code. 
Scientific American. 

Daniell, J. F. 1973. The bilayer hypothesis of 
membrane structure. Hospital Practice 8:63. 

Darnell, J. E., Jr. 1985 (October). RNA. 
Scientific American 

Dautry-Varsal, A., and H. F. Lodish. 1984 
(May). How receptors bring proteins and 
particles into cells. Sctentific American 

DeDuve, C. 1983 (May). Microbodies in the 
living cell. Scientific American 

Doolittle, R. F. 1985 (October). Proteins. 
Serenufic American 

Dustin, P. 1980 (August). Microtubules. 
Screntific American. 

Felsentled, G, 1985 (October). DNA. Sctentific 
American 

Fox, CF. 1972 (February). The structure of cell 
membranes. Sctentific American 

Glover, D. M. et al. 1993 (June). The 
centrosome. Scientific American 

Grivell, L. A. 1983 (March), Mitochondrial 
DNA. Scienufic Amencan. 

Grunstein, M., 1992 (October), Histones as 
regulators of genes. Serentific American. 
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Hayflick, H. 1980 (January). The cell biology of 
human aging. Scientific American 

Hinkle, P., and R. E. MeCarty. 1979 (March). 
How cells make ATP. Serentific American 

Kornfeld, S., and W.S. Sly. 1985. Lysosomal 
storage defects. Hospital Practice 20:71. 

Lake, J. A. 1YST (August). The ribosome. 
Sctentrfitc American 

Lazarides, E., and J. P. Ravel. 1979 (May). The 
molecular basts of cell movement. Scientific 
American 

Lienhard, G. E. et al. 1992 (lanuary). How cells 
absorb glucose. Serentific American 

Lodish, H. F., and J. FE. Rothman. 1979 
Qanuary). The assembly of cell membranes. 
Setentific American 

Mazia, D. 1974 (January). The cell cycle. 
Sctenufice American. 

McKusick, V. A. 198] The anatomy of the 
human genome. Hospital Practice 16:82. 

Miller, A. W., and M. W. Kirschner, 1991 
(March). What controls the cell cycle. 
Scientific American 

Maller, O. L., Jr. 1973 (March). The 
visualization of genes in action. Scientific 
American 

Mulligan, R. C. 1993. The basic science of gene 
therapy. Sctence 260:926. 

Palade, G. 1975. Intracellular aspects of the 
process of protein synthests. Science 189:347. 

Rothman, J. E. 1985 (September). The 
compartmental organization of the Golgi 
apparatus. Scientific American 

Rothman, J. E., and L. Orci, 1992. Molecular 
dissection of the secretory pathway. Nature 
355:409. 

Sharon, N., and H. Lis, 1993 (January). 
Carbohydrates in cell recognition. Scientific 
American 

Singer, S. J. 1973, Biological membranes. 
Hospttal Practice 8:81. 

Singer, S. J, and G. L. Nicolson. 1972. The 
fluid mosaic model of the structure of cell 
membranes. Sctence 175:720. 

Sloboda, R. D. 1980. The role of microtubules 
in cell structure and cell division, American 
Screntust 68:290. 

Stein, G, JOS. Stein, and L. J. Klemsmith, 1975 
(February). Chromosomal proteins and gene 
revulation. Screntfic American 

Wallace, D.C. 1986. Mitochondrial genes and 
disease. Hosputal Practice 2 1:77. 

Weinberg, Ro A. 1985 (October). The 
molecules of life. Screntific American 


Selected Readings 


Wheeler, T. J., and P. C. Hinkle. 1985. The 
glucose transporter of mammalian cells. 
Annual Review of Phystology 47:503. 

White, R., and J. M. Lalouel. 1988 (February). 
Chromosome mapping with DNA markers. 
Sctenufte American 


Integumentary, Skeletal, and Muscular 
Systems 


Astrand, P. O., and K. Rodhal. 1977. Textbook 
of Work Physiology: Phystological Basis of 
Exercise. New York: McGraw-Hill. 

Bluefarb, S. M. 1974. Dermatology. Kalamazoo, 
MI: The Upjohn Company. 

Booth, F. W., and B.S. Tseng. 1993. Olympic 
goal: Molecular and cellular approaches to 
understanding muscle adaptation. News in 
Phystologieal Sciences 8:165, 

Bourne, G. H., ed. 1973. The Structure and 
Fimetion of Muscle. 2d ed. 4 vols. New York: 
Academic Press. 

Cohen, C. 1975 (November). The protein 
switch of muscle contraction. Scientific 
American. 

Edelson, R. L., and J. M. Fink. 1985 (June). The 
immunologic function of the skin. Scientific 
American 

Evans, F. G., ed. 1966. Studies m the Anatomy 
and Funetton of Bones and Jomts. New York: 
Springer-Verlag. 

Felig, P., and J. Wahren. 1975. Fuel homeostasis 
in exercise. New England Jounal of Medicine 
293.1078. 

Grnnel, A. D., and M.A.B. Brazier, eds. 1981. 
Regulation of Muscle Contraction. Excttation- 
Contraction Coupling. New York: Academic 
Press. 

Hall, BLK. 1988 (March-April). The embryonic 
development of bone. American Scientist 
Hoyle, G. 1970 (April). Plow is muscle turned 

on and off? Sctentfte Amenean 

Huxley, H. E. 1969. The mechanism of muscle 
contraction. Scrence 164:1356. 

Lamb, G.D., and D. G. Stephenson. 1992, 
Importance of Me?* in excitation- 
contraction coupling in skeletal muscles. 
News m Phystological Sciences 7:270. 

Loomis, W. F. 1970 (December). Rickets. 
Serwenufic American 

Margaria, R. 1972 (March). The sources of 
muscular energy. Scientific American 

Marples, M. J. 1979 (January). Lite on the 
human skin. Sctentific American 
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Merton, P. A. 1972 (May). How we control the 
contraction of our muscles. Screntific 
American 

Mitlak, BLL, and S. R. Nusshaum. 1993. 
Diagnosis and treatment ot Osteoporosis, 
Annual Revtew of Medicme 44:265, 

Moneniet, J. A. 1973. Burns. New England 
Journal of Medicme. 228:444 

Montagna, W. 1969 (June). The skin. Screntific 
American. 

Murray, J. Ho, and A. Weber. 1974 (February) 
The cor Perauive action of muscle Proteins. 
Sctentific American 

Nadel, E. R. 1985. Physiological adaptations to 
acrobre training. American Scientist 73:334. 

Pawelek, |) M., and A.M. Korner. [982 
(March-April). The biosynthests of 
Mammalian melanin. American Sctentest 

Prosser, C. L. 1992. Smooth muscle: Diversity 
and rhythmicity, News m Physiological 
AYs knces a: ] 00. 

Rasche, P. J. and R. K. Burke. 1978. Kinesiology 
and Applied Anatomy: The Science of Human 
Movement. 6th ed. Philadelphia: Lea and 
Febiver. 

Ross, R. 1969 (lune). Wound healing. Scientific 
American 

Rosse, C., and D. K. Clawson. 1980. The 
Musculoskeletal System im Hionan Health and 
Disease. Philadelphia: Harper and Row. 

Rushmer, RL. et al. 1966. The skin. Science 
154.343. 

Sharpe, W. D. 1979. Age changes in human 
hones: An overview. Bullet of the New York 
Academy of Medteme 55:757. 

Sims, S. M., and L. J. Janssen. 1993, 
Cholinergic excitation of smooth muscle. 
News m Phystological Sctences 8:207. 

Sonstegard, ID. A., LOS. Mathews, and H. 
Kauter. 1979 (Qlanuary). The surgical 
replacement of the human knee joint. 
Screnufic American 

Vaughan, J. M. L981. The Physiology of Bone. 3d 
ed. New York: Oxtord University Press. 


Nervous System 


Andreasen, N.C. 1985. Brain imaging: 


Applic ations In psve haatry. Science 239: 1381. 


Angevine, J.B. Je and © Cottman. 1981. 
Principles of Neuroanatomy. New York: 
Oxtord University Press 

Axelrod, J. 1974 Qune). Neurotransmitters. 
Screntfic Amertcan 

Bailey, © He, and FE. R. Kandel. 1993. 
Structural Changes accompanying memory 
storage. Annual Review of Phystology 55:317. 

Barchas, J. D. et al. 1978 Behavioral 
neurochemistry: Neuroregulators and 
behavioral states. Sctence 200.964 

Bartus, Ro T. etal. 1982. The cholinergic 
hypothesis of pertatnic memory dystunetion, 
Scrence 217-408 

Benfenat, F., and Fo Valtorta, 1993. Synapsins 
and synaptic Chinsnmiisston News m 
Phystolagical Scrence VTS 

Bluszrain, Jo K and R. J) Wartman) 1953. 
Choline and cholinergic neurons, Science 


221-614. 
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Brown, A. M.1992. lon channels in action 
potential yeneration. Hospital Practice 
27:125 

Catteral, WA. 1982. The molecular basis of 
neuronal excitability. Science 223-653 

Changeux, J.-P. 1993 (November). Chemical 
signaling in the brain, Sctentific American 

Coyle, ). T., DOL. Prince, and M. R. DeLong. 
1983. Alzheimer's disease: A disorder of 
cortical cholinergic innervation. Science 
219-1184. 

Damasio, A. R. 1992. Aphasia, New England 
Journal of Medicme 326:531. 

Damasio, AL R., and H. Damasio, 1992 
(September). Bram and language. Setentific 
American 

Dunant, Y., and M. Israel. 1985 (April). The 
release of acetylcholine. Scientific American 

Fine, A. 1956 (August). Transplantation in the 
central nervous system, Scientific Amertcan 

Frohman, L. A. 1975. Neurotransmitters as 
regulators of endocrine function. Hospital 
Practice 10:54. 

Gershon, E.S., and R. O. Rieder. 1992 
(Seprember). Major disorders of mind and 
brain. Sctentific American, 

Goldman-Rakic, P.S. 1992 (September). 
Working memory and the mind. Scientific 
American. 

Goldstein, G. W., and A. L. Betz. 1986 
(September). The blood-brain barrier. 
Sctentific American. 

Gouteb, D. 1. 1988 (February). GABAergic 
neurons. Scientific American 

Horn, J. P. 1992. The herote age of 
neurophysiology. Hospital Practice 27:65. 

Hubel, D. H. 1979 (September). The brain. 
Scientific American 

Kalin, N. H. 1993 (May). The neurobiology of 
fear. Screnufic American 

Kandel, E. R. 1979. Psychotherapy and the 
single synapse. New England Journal of 
Medicine 301:1028. 

Kandel, E. R., and J. H. Schwartz, eds. 1981. 
Principles of Neteral Science. New York: 
Elsevier North Holland 

Keynes, R. D. 1979 (March). lon channels in 
the nerve cell membrane. Sctentific 
Amertcan 

Kimura, D. 1992 (September). Sex differences 
in the brain. Screntfic American. 

Kreger, DT. 1983. Brain peptides: What, 
where, and why? Science 222:975. 

Kutfler, S. Wo, and J. Go Nicholls. 1976. From 
Neuron to Brains A Cellular Approach to the 
Function of the Nervous System. Sunderland, 
MA: Sinauer Assoctates. 
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Some Laboratory Tests of Clinical Importance 


RSS Ate 


———— 


Test 
Acetone and acetoacetate 


(serum) 
Albumin-globulin ratio or A/G 


ratio (Serum) 
Albumin (serum) 


Ammonia (plasma) 


Amylase (serum) 


Bilirubin, total (serum) 
Blood urea nitrogen or BUN 


(plasma or serum) 
Calcium (serum) 


Carbon dioxide (serum) 


Chionde (serum) 


Cholesterol, total (serum) 


Creatine phosphokinase 
or CPK (serum) 
Creatine (serum) 


Creatinine (serum) 


Erythrocyte count or red blood 
cell count (whole blood) 


Fatty acids, total (serum) 


eres ae 


, Common tests performedonblood _ 


Normal values (adult) 


0.3-2.0 mg/100 mi 
1.5:1-2.5:1 

3.2-5.5 gm/100 mi 
50-170 9/100 ml 


80-160 Somogyi units/100 ml 


0.3-1.1 mg/100 mi 
10-20 mg/100 mi 


9.0-11.0 mg/100 mI 


24-30 mEq/| 


96-106 mEq/| 


150-250 mg/100 mi 


Men: 0-20 1U/A 
Women: 0-14 IUA 
0.2-0 8 mg/100 mi! 


0.7-1.5 mg/100 mi 

Men. 4,600,000-6,200,000/cu mm 
Women 4.200 006-5,400,000/cu mm 
Children’ 4,500,000-5,100,000/cu mm 
(varies with ag@) 

190-420 mg/100 mi 


——ee 


Clinical significance 


Values increase in diabetic acidosis, toxemia of pregnancy, fasting, 


and high-fat diet. 


Ratio of albumin to globulin is lowered in kidney diseases and 
malnutrition. 

Values increase in multiple myeloma and decrease with proteinuria 
and as a result of Severe burns. 

Values increase in severe liver disease, pneumonia, shock, and 
congestive heart failure. 

Values increase in acute pancreatitis, intestinal obstructions, and 
mumps. They decrease in chronic pancreatitis, cirrhosis of the 
liver, and toxemia of pregnancy. 

Values increase in conditions causing red blood cell destruction or 
biliary obstruction. 

Values increase in various kidney disorders and decrease in liver 
failure and during pregnancy 

Values increase in hyperparathyroidism, hypervitaminosis D, and 
respiratory conditions that cause a rise in CO2 concentration 
They decrease in hypoparathyroidism, malnutrition, and severe 
diarrhea 

Values increase in respiratory diseases, intestinal obstruction, and 
vomiting. They decrease in acidosis, nephritis, and diarrhea 

Values increase in nephritis, Cushing's syndrome, and 
hyperventilation. They decrease in diabetic acidosis, Addison's 
disease, diarrhea, and following severe burns 

Values increase in diabetes mellitus and hypothyroidism. They 
decrease In pernicious anemia, hyperthyroidism, and acute 
infections 

Values increase in myocardial infarction and skeletal muscle 
diseases Such as muscular dystrophy 

Values increase in muscular dystrophy, nephritis, severe damage 
fo muscle tissue, and during pregnancy 

Values increase in various kidney diseases 

Values increasé as a resull of severe dehydration or diarrhea and 
decrease in anemia, leukemia, and following severe hemorrhage 


Values increase in diabetes mellitus, anemia, kidney disease, and 
hypothyroidism. They decrease in hyperthyroidism 
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_ Common tests performed on blood (continued) Yee s > Wigs ca 


Test Normal values (adult) Clinical significance 2 
‘Globulin (serum) 2.5-3.5 gm/100 ml Values increase as a result of chronic infections. 
Glucose (plasma) 70-115 mg/100 mi Values increase in diabetes mellitus, liver diseases, nephritis, 
[ — hyperthyroidism, and pregnancy. They decrease In 


——- hyperinsulinism, hypothyroidism, and Addison's disease 
_ Hematocrit (whole blood) Men: 40-54 ml/100 ml Values increase in polycythemia due to dehydration or shock. The 
: Women: 37-47 ml/100 mi decrease in anemia and following severe hemorrhage. 
Children: 35-49 mi/100 ml 


(varies with age) 
Jobin (whole blood) Men: 14-18 gm/100 ml Values increase in polycythemia, obstructive pulmonary d 
Women: 12-16 gm/100 ml congestive heart failure, and at high altitudes. They decreas 
Children: 11.2-16.5 gm/100 ml anemia, pregnancy, and as a result of severe hemorrhage or 
(varies with age) excessive fluid intake. ; 
75-175 pg/100 ml Values increase in various anemias and liver disease. They 
7 decrease in iron deficiency anemia. z 
ding capacity (serum) 250-410 yg/100 mi Values increase in iron deficiency anemia and pregnancy. The 
1S) decrease in pernicious anemia, liver disease, and chronic 
3 . infections. 
Fy ctic acid (whole blood) 6-16 mg/100 ml Values increase with muscular activity and in congestive hear 
= 4 failure, severe hemorrhage, and shock. 
ydrogenase or LDH (serum) 90-200 milliunits/ml Values increase in pernicious anemia, myocardial infar tion, 
. diseases, acute leukemia, and widespread carcinoma. 
otal (serum) 450-850 mg/100 ml Values increase in hypothyroidism, diabetes mellitus, and 
F nephritis. They decrease in hyperthyroidism. 
turation (whole blood) Arterial: 94%-100% Values increase in polycythemia and decrease in anemia anc 
Venous: 60%-85% obstructive pulmonary diseases. : 
blood) 7.35-7.45 Values increase due to vomiting, Cushing's syndrome, and 
hyperventilation. They decrease as a result of hypoventilat 
severe diarrhea, Addison's disease, and diabetic acidosis 
e, acid (serum) 1.0-5.0 King-Armstrong units/m! Values increase in cancer of the prostate, hyperparathyroidis 
certain liver diseases, myocardial infarction, and pulmone 
embolism. 
e, alkaline (serum) 5-13 King-Armstrong units/ml Values increase in hyperparathyroidism (and in other cond 
r that promote resorption of bone), liver diseases, and preg 
(serum) 6-12 mg/100 ml as lipid Values increase in diabetes mellitus and nephritis. 
phosphorus 
3.0-4.5 mg/100 ml Values increase in kidney diseases, hypoparathyroidis, 
acromegaly, and hypervitaminosis D. They decrease 
hyperparathyroidism 
ole blood) 150,000-350,000/cu mm Values increase in polycythemia and certain anemias. The 
decrease in acute leukemia and aplastic anemia. 
3.5-5.0 mEq/l Values increase in Addison's disease, hypoventilation, an 
conditions that cause severe cellular destruction. They | 
in diarrhea, vomiting, diabetic acidosis, and chronic kit 
disease s 
) 6.0-8.0 gmv/100 mi Values increase in severe dehydration and shock. They | 
severe malnutrition and hemorrhage : 
ne or PBI ( sum) -3.5-8.09/100mi =——_ Values increase in hyperthyroidism and liver disease. 1 


hypothyroit 
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Common tests performed on blood (continue 


Test ay 


Prothrombin time (serum) 

Sedimentation rate, Westergren 
(whole blood) 

Sodium (serum) 


Thyroxine or Ts (serum) 


Thromboplastin time, partial (plasma) 
Transaminases or SGOT (serum) 


Uric acid (serum) 


While blood cell count, 
differential (whole blood) 


| Common t 
Tes 


oe 


Normal values (adult) 


12-14 sec (one stage) 


Men: 0-15 mm/hr 
Women: 0-20 mm/hr 


136-145 mEq/I 
2.9-6.4 19/100 mi 


35-45 sec 
5-40 units/ml 


Men: 2.5-8.0 mg/100 ml 
Women: 1.5-6.0 mg/100 ml 
Neutrophils 54%-62% 
Eosinophils 1%-3% 
Basophils 0%-1% 
Lymphocytes 25%-33% 
Monocytes 3%-7% 
5000-10,000/cu mm 


PREC, Ped LNbal © ane ENTIRE: cas oy 


serformed onurine . 


ee a 


n, qualitative 
onia 
acterial count 
and bilirubin 


oxycorticosteroids 


ic acid 


0 
0 to trace 

20-70 mEq/l 

Under 10,000/ml 

0 

Under 250 mg/24 hr 


100-140 ml/min 
1-2 gm/24 hr 


2-10 mg/24 hr 


0 
Over 40 mi blood cleared 
of urea/min 


0-4 mg/24 hr 


in etaent a fan 


Clinical signi 


La ELS Math SPAN ef FRI. 


Clinical si oe 


SPREE FIT? LEEPER TY . hens | 


— . 

Values increase in certain Pemortfagte diseases, liver diseas 
vitamin K deficiency, and following the use of various drugs. 

Values increase in infectious diseases, menstruation, 
pregnancy, and as a result of severe tissue damage. 

Values increase in nephritis and severe dehydration. They decrease 
in Addison's disease, myxedema, kidney disease, and diarrhea. 

Values increase in hyperthyroidism and pregnancy. They decreas 
in hypothyroidism. . 

Values increase in deficiencies of blood factors VIII, IX, and x. 


Values increase in myocardial infarction, liver disease, and 
diseases of skeletal muscles. 

Values increase in gout, leukemia, pneumonia, toxemia of 
pregnancy, and as a result of severe tissue damage. 

Neutrophils increase in bacterial diseases; lymphocytes and 
monocytes increase in viral diseases; eosinophils increase in 
collagen diseases, allergies, and in the presence of intestina 
parasites. 


sh RAS 


Ay te ty - > 


Values increase in diabetic acidosis. ; 

Values increase in kidney disease, hypertension, and hea t 
Values increase in diabetes mellitus and liver diseases. 

Values increase in urinary tract infection. 

Values increase in melanoma and biliary tract obstruction! in 


Values increase in hyperparathyroidism and decrease in 
hypoparathyroidism. 


Values increase in renal diseases. 


Values increase in infections and decrease in muscular atrophy, 
anemia, leukemia, and kidney diseases. 


Values increase in diabetes mellitus and various pituitary gla 
disorders. 

Values increase in Cushing's syndrome and decrease in Addison 
disease 


Values increase in phenylketonuria. 
Values increase in renal diseases 


Values increase in liver diseases and hemolytic anemia 
Phileas camaee biliary obstruction and evere di 
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falossary| 


Most of the words in this glossary are followed 
by a phonetic spelling that serves as a guide to 
pronunciation. The phonetic spellings reflect 
standard screntitic usage and can be easily 
interpreted following a tew basic rules. 

Any unmarked vowel that ends a syllable 
or that stands alone as a syllable has the long 
sound. Any unmarked vowel that as followed by 
a consonant has the short sound. 

If a long vowel appears in the middle of a 
syllable (followed by a consonant), itis marked 
with a macron (~). Similarly, if a vowel stands 
alone or ends a syllable but should have a short 
sound, itis marked with a breve (7). 

Syllables that are emphasized are 
indicated by stress marks. A single stress mark (“) 
indicates the primary emphasis; a secondary 
emphasis ts indicated by a double stress mark (“’). 

Page references are provided, except in the 
case of some adjectives and a few general terms. 


A 


abdomen (ab do-men, ab-do’men) The 
portion of the trunk between the 
diaphragm and pelvis. 14 

abduction (ah-duk’shun) The movement of a 
body part away from the axis or midline of 
the body; movement of a digit away from the 
axisof the limb. 233 

ABO system) The most common system of 
classification for red blood cell antigens. On 
the basts of antigens on the red blood cell 
surface, individuals can he type A, type B, 
type AB, or type O. 557 

absorption (ab-surp’shun) The transport of 
molecules across epithelial membranes into 
the body fluids. 765 

accessory organs (ak-ses‘O-re) Organs that 
assist with the funcuoning of other organs 
within asystem. 766 

accommodation (a-kom o-da’shun) A 
process whereby the focal length of the eye ts 
chanyed by automate adjustment of the 
curvature of the lens to bring unages of 
objects from various distances inte focus on 
the retina. 494 

acetabulum (as ¢-tab‘yi-lum) A socketin the 
lateral surface of the hipbone (os coxa) with 
which the head of the femur aruculates. 209 
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acetone (as‘é-ton) A ketone body produced 
as a result of the oxidation of fats, 819 

acetyl coenzyme A (acetyl CoA) (as‘&-tl, a- 
setl) A coenzyme derivative in the 
metabolism of glucose and fatty acids that 
contributes substrates to the Krebs cycle. 83 

acetylcholine (ACh) (a-set‘l-ko‘len) An 
acetic acid ester of Choline—a substance 
that functions as a neurotransmitter in 
somatic motor nerve and parasympathetic 
nerve fibers. 360 

acetylcholinesterase (A-set“‘l-ko‘‘li-nes‘té- 
ras) An enzyme in the membrane of 
postsynapue cells that catalyzes the 
conversion of ACh into choline and acetic 
acid. This enzymatic reaction inactivates the 
neurotransmitter. 361 

Achilles tendon (a-kilé) 
calcaneous. 316 

acid (asd) A substance that releases 
hydrogen ions when tonized in water. 26 

acidosis (as°1-do’sis) An abnormal increase 
inthe H* concentration of the blood that 
lowers the arterial pH to below 7.35. 713 

acromegaly (ak@‘ro-meg’a-le) A condition 
caused hy the hypersecretion of growth 
hormone from the pituitary gland after 
maturity and characterized by enlargement 
of the extremities, such as the nose, jaws, 
fingers, and toes. 173 

actin (ak‘tin) A protein in muscle fibers that 
together with myosin 1s responsible for 
contraction. 263 

action potential An all-or-none electrical 
event in an axon or muscle fiber in which 
the polarity of the membrane potential ts 
rapidly reversed and reestablished. 353 

active immunity (i-myoo‘ni-te) Immunity 
involving sensitization, in which antibody 
production 1s stimulated by prior exposure to 
anantigen. 662 

active transport The movement of molecules 
ortons across the cell membranes of 
epithelial cells by membrane carriers. An 
expenditure of cellular energy (ATP) ts 
required. 92 

adduction (ad-duk’shun) The movement ofa 
body part toward the axis or midline of the 
hody; movement of a digit toward the axis of 
the limb. 223 

adenohypophysis (ad ‘n-o-hi-pof I-sis) The 
anterior, glandular lobe of the pituttary gland 
that secretes FSH (follicle-stimulanng 


See tendo 


hormone), LH (lutemizing hormone), 
ACTH (adrenocorticotropic hormone), TSH 
(thyroid-stimulatuing hormone), GH (growth 
hormone), and prolactin. Secretions of the 
adenohypophysis are controlled by hormones 
produced by the hypothalamus. 519 

adenoids (ad‘%-noid:) The tonsils located in 
the nasopharynx; pharyngeal tonsils. 656 

adenylate cyclase (a-den ‘Tit si‘klas) An 
enzyme found in cell membranes that 
catalyzes the conversion of ATP to cyclic 
AMP and pyrophosphate (PP). This enzyme 
is activated by an interaction between a 
specific hormone and its membrane receptor 
protein. 536 

ADH Antidhuretic hormone; a hormone 
produced by the hypothalamus and released 
by the posterior preuitary that acts on the 
kidneys to promote water reabsorption; also 
known as vasopressin. 97 

ADP) Adenosine diphosphate; a molecule that 
together with inorganic phosphate ts used to 
make ATP (adenosine triphosphate). 76 

adrenal cortex (3-dre‘nal kor‘teks) ~The outer 
part of the adrenal gland. Derived trom 
embryonic mesoderm, the adrenal cortex 
secretes Corticosteroid hormones (such as 
aldosterone and hydrocortisone). 526 

adrenal medulla (mé-dul’4) = The inner part of 
the adrenal gland. Derived from embryonic 
postganghonic sympathetic neurons, the 
adrenal medulla secretes catecholamine 
hormones—epinephrine and (to a lesser 
degree) norepinephrine. 526 

adrenergic (ad‘‘ré-neryik) =A term used to 
describe the actions of epinephrine, 
norepinephrine, or other molecules with 
similar activity (as in adrenergic receptor and 
adrenerge stimulation). 455 

adventitia (adven-tish’a) The outermost 
epithelial layer of a visceral organ; also 
called serosa. 754 

afferent (af‘er-ent) Conveying or 
transmitting to. = 346 

afferent arterlole (ar-uir’e-o1) A blood vessel 
within the kidney that supplies blood to the 
glomerulus. 730 

afferent neuron (noor’on) 
neuron, 346 

agglutinate (4-gloot’n-at) A clump of cells 
(usually erythrocytes) formed as a result of 
specific Chemical interaction between 
surface antigens and antibodies. 557 


See sensory 
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agranular leukocytes (n-vran‘yu-lar 
loo ko-sitz) White blood cells 
(leukocytes) that do not contain cytopl 
granules; specifically, lymphocytes and 
monocytes. 553 

albumin (al-byoo'min) A water-soluble 
protein produced in the liver; the mayor 
component of the plasma proteins. 55] 

aldosterone (al-doster-on) The principal 
corticosteroid hormone involved in the 
regulation of electrolyte balance 
(mineralocorticoid). 527 

alimentary canal) The tubular portion of the 


digestive tract. See also gastromtestinal tract 
(Gl tract). 766 

allantois (a-lan‘to-1s)) An extraembryonic 
membranous sac invelved in the formation 
of blood cells. It gives rise to the fetal 
umbilical arteries and vein and also 
contributes to the formation of the urinary 
bladder. 756 

allergens (al‘er-yenz) Antigens that evoke 
an allergic response rather than a normal 
immune response. 677 

allergy (al’er-ye) A state of hypersensit ivity 
caused by exposure to allergens. It results in 
the liberation of histamine and other 
molecules with histaminelike effects. 677 

all-or-none principle = The statement of the 
fact that muscle fibers of a motor unit 


asMmic 


contract to their maximum extent when 
exposed to a stimulus of threshold 
strength. 355 

allosteric (al’o-stertk) =A term used with 
reference to the alteration of an enzyme's 
activity as a result of its combination with a 
regulator molecule. Allosteric inhibition by 
an end product represents negative feedback 
control of an enzyme's activity. 75 

alveolarsacs (al-ved-lar) A cluster of 
alveol that share a common chamber or 
central atrium. 690 

alveolus (al-ve ®-lus) 1. An individual air 
capsule within the lung. The alveoli are the 
baste functional units of respiration. — 690 
2. The socket that secures a tooth (tooth 
socket) 773 

amniocentesis (am ne-o-sen-te’sis) A 
procedure in which a sample of amniotic 
fluid ts aspirated to examine suspended cells 
for various venetic diseases. 910 

amnion (am’ne-on) A developmental 
membrane surrounding the fetus that 
contains amniotic fluid. 908 

amphiarthrosis (am te-ar-thro sts) A 
shghtly movable aruculation ina functional 
classification of points. 22 

amphoteric (am-to-ter tk) Having both 
acidic and baste characteristics; used to 
denote a molec ule that can be positively or 
negatively charged, depending on the pH of 
its environment. 

ampulla (am-poul’a) 
of a duct or tube. 

ampulla of Vater (Fater) See 
heparopancreatic ampulla, 781 

anabolic steroids (an (a-bol tk ster“ondz) 
Steroids with androgentike sumulatory 

539 


A saclike enlargement 


effects on protein synthesis 
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anabolism (i-naho-lizem) A phase of 
metabolism involving chemical reactions 
within cells that result in the production of 
larger molecules from smaller ones; 
spectlically, the synthesis of protein, 
glycogen, and tat. 814 

anaerobic respiration (an-a-ro bik res’ pi- 
ra’shun) A form of cell respiration 
involving the conversion of glucose to lactic 
acid in which energy is obtained without the 
use of molecular oxygen. 80 

anal canal (a‘nal) The terminal tubular 
portion of the large intestine that opens 
through the anus of the Gl trace. 785 

anaphylaxis (an ‘a-f1-lak‘sis) An unusually 
severe allergic reaction that can result im 
cardiovascular shock and death. 642 

anastomosis (i-nas‘t-mo'sis) An 
interconnecting aggregation of blood vessels 
or nerves that form a network plexus. 632 

anatomical position (an‘‘n-tom‘i-kal) An 
erect body stance with the eyes directed 
interior, the arms at the sides, the palms of 
the hands facing interior, and the fingers 
pointing straight down. = 11 

anatomy (A-nat’é-me) The branch of science 
concerned with the structure of the body and 
the relationship of its organs. 2 

androgens (an‘drd-yenz) Steroids containing 
18 carbons that have masculinizing effects; 
primarily those hormones (such as 
testosterone) secreted by the testes, although 
weaker androgens are also secreted by the 
adrenal cortex. 840 

anemia (j-ne‘me-3) An abnormal reduction 
in the red blood cell count, hemoglobin 
concentration, or hematocrit, or any 
combination of these measurements. This 
condition is associated with a decreased 
ability of the blood to carry oxygen. 552 

angina pectoris (an-ji na pekto-ris) A 
thoracic pain, often reterred to the left 
pectoral and arm area, caused by myocardial 
ischemia. 608 

angiotensin WW (an’je-o-ten’sin) An 8- 
amino-acid polypeptide formed from 
angiotensin | (a 10-amino-acid precursor), 
which in turn ts formed from cleavage of a 
protein (angiotensinogen) by the action of 
renin (an enzyme secreted by the kidneys). 
Angiotensin IL ts a powerful vasoconstrictor 
and a stimulator of aldosterone secretion 
from the adrenal cortex. 621 

anions (an‘t-onz) — lons that are negatively 
charged, such as chloride, bicarbonate, and 
phosphate 24 

antagonist (an-tag-nist) 
ACTS IN Opposition To another muscle. 

antebrachium (an‘te-brake-em) The 
forearm. 205 

anterior (ventral) Toward the front; the 
Opposite of Postetion, oF dorsal 12 

anterior pituitary (pitoo iter-e) See 
adenohypophysis. 319 

anterior root The anterior projection of the 
spinal cord, compe sed of axons of motor 


427 


A muscle that 
281 


neurons. 
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antibodies (an ‘ti-hod’‘e:) 
proteins secreted by B lymphocytes that have 
transformed into plasma cells. Antibodies 
are responsible tor humoral unmunity. Their 


Immunoylobin 


synthesis is induced by specific antigens, and 
they combine with these specific antigens 
but not with unrelated antigens. 657 

anticodon (an ti-ko don) A hase tnplet 
provided by three nucleotides within a loop 
of transfer RNA that ts complementary in its 
base-pairing properties to a triplet (the 
codon) in mRNA. The matching of codon to 
anticodon provides the mechanism tor 
translating the genetic code into a specific 
sequence of amino acids, 56 

antigen (an‘ti-jen) A molecule that 
can induce the production of antibodies 
and react ina specific manner with 
antibodies. 655 

antigenic determinant site (an-ti-jen ik) 
The region of an antigen molecule that 
specifically reacts with particular antubodies. 
A large antigen molecule may have a 
number of such sites. 655 

antiserum (an‘ti-sir’ um) A serum that 
contains specific antibodies. 665 

anus (anus) The terminal opening of the GI 
tract. 785 

aorta (a-or' ta) The major systemic vessel of 
the arterial system of the body, emerging 
from the lett ventricle. 583 

aortic arch The superior left bend of the aorta 
between the ascending and descending 
pertions. 583 

apex (a‘peks) The up or pointed end of a 
conical structure. 691 

aphasia (1-fa’zha) Detects in speech, writing, 
or in the comprehension of spoken or 
written linguage caused by brain damage or 
disease. 388 

apneustic center (ap-noo stk) A collection 
of nucler (nerve cell bodies) in the brain 
stem that participates in the rhythmic 
control of breathing. 703 

apocrine gland (aj o-krin) A type of sweat 
gland that functions in evaporative cooling. 
It may respond during pertods of emotional 
stress. 148 

aponeurosis (ap) b-now-ro'sis) A fibrous or 
membranous sheethke tendon. 255 

appendix A short pouch that attaches to the 
cecum. 785 

aqueous humor (a kwe-us) The watery fluid 
that filly the anterior and posterior chambers 
of the eve. 494 

arachnoid mater (a-rak noid) ~The weblike 
middle covering (meninx) of the central 
Nervous system. 396 

arbor vitae (ar borvite) The branching 
arrangement of white matter within the 
cerebellum 393 

arm (brachium) The portion of the upper 
extremity trom the shoulder to the 
elhow. 203 

arrector pilimuscle (ah-rek torpih le) The 
smooth muscle attached toa hair tollicle 
that, upon contraction, pulls the hare into a 
More vertical position, resulting in “goose 


bumps.” 144 
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arteriole (ar-tir e-ol) 
branch. 550 

arteriosclerosis (ar-tir’c-u-sklé-ro’sis) Any 
one of a group of diseases Characterized by 
thickening and hardening of the artery wall 
and in the narrowing of its lumen. 606 

arteriovenous anastomoses (ar-tir e-a-ve nus 
Jenas” td-ma sez) 


A minute arterial 


Direct connections 
between arteries and veins that bypass 
capillary beds. 632 

artery (ar té-re) A blood vessel that carries 
blood away from the heart. 579 

arthrology (arthrol ye) The scientific 
study of the structure and function of 
joints. 224 

articular cartilage (ar-wk yo-larkar‘ti-lij) A 
hyaline cartilaginous covering over the 
articulating surface of the bones of synovial 
joints. 227 

articulation (ar-tik ‘yi-la’shun) Ajomunt. 224 

arytenoid cartilages (arte noi) A pair 
of small cartilages located on the superior 
aspect of the larynx. 687 

ascending colon (ko lon) The portion of the 
large intestine between the cecum and the 
hepatic flexure. 785 

association neuron (noor’on) A nerve cell 
located completely within the central 
nervous system. It conveys impulses in an arc 
from sensory to motor neurons; also called 
mtemeuron or mternunctal neuron. 347 

astigmatism (A-sug¢ma-tiz em) Unequal 
curvature of the refractive surtaces of the eye 
(cornea and/or lens), so that light entering 
the eye along certain meridians does not 
focus on the retina. 507 

atherosclerosis (ath &-ro-sklé-ro’sis) A 
common type of artertosclerosis found in 
medium and larger artertes in which raised 
areas within the tunica intima are formed 
from smooth muscle cells, cholesterol, and 
other lipids. These plaques occlude arteries 
and serve as sites for the formation of 
thrombi. 606 

atomic number) The number of protons in the 
nucleus of an atom. 22 

atopic dermatitis (a-top tk der’ ‘ma-ti ts) 

An allergic skin reaction to agents such as 
poison ivy and porson oak; a type of delayed 
hypersensitivity, 687 

ATP Adenosine triphosphate; the universal 
enery donor of the cell. 76 

atretic (a-tretuk) Without an opening. 
Atretic ovarian follicles are those that fail to 
ovulate. 878 

atrioventricular bundle (a ‘‘tre-o-ven-trik “yi- 
lar) A group of specialized cardiac fibers 
that conduct impulses from the 
atnoventncular node to the ventricular 
muscles of the heart; alyo called the bundle of 
Hisor AV bundle 576 

atrioventricular node =A microscopic 
aggregation of specialized cardiac fibers 
located in the interatrial septum of the heart 
that are a partof the conduction system of 


the heart; AV node — 576 


atrioventricular valve =A cardiac valve located 
between an atrium and a ventricle of the 
heart; AV valve 567 

atrium (atre-um) Either of the two superior 
chambers of the heart that receive venous 
blood 567 

atrophy (atro-fe) A gradual wasting away 
or decrease in the s 
onan, 133 

atropine (atrd-pen) An alkaloid drug 
obtained from a plant of the spectes 
Belladonna that acts as an anticholinergic 
agent. Itas used medically to mbhabit 
parasympathetic nerve effects, dilare the 
pupils of the eye, increase the heart cate, and 
inhibit intestinal movements. 457 

auditory (aw di-tor-e) Pertaining to the 
structures of the ear associated with hearing. 
482 

auditory tube =A narrow canal that connects 
the middle ear chamber to the pharynx; also 
called the eustachian canal. 483 

auricle (ori-kul) 1. The fleshy pinna of the 
ear 48200 2. An ear-shaped appendage of 
each atraum of the heart. 567 

autoantibodies (aw ‘to-an‘vi-bod “éz) 
Antibodies formed in response to, and that 
react with, molecules that are part of one's 
own body. 673 

autonomic nervous system (aw’‘to-nom tk) 
The sympathetic and parasympatheuc 
portions of the nervous system that function 
to control the actions of the visceral organs 
and skin; ANS. 446 

autosomal chromosomes (aw ‘to-so’mal 
kro’md-somz) The paired chromosomes; 
those other than the sex chromosomes. 839 

axilla (ak-sil'4) The depressed hollow 
commonly called the armpit. 14 

axon (ak’son) The elongated process of a 
nerve cell that transmits an impulse away 
from the cell body of a neuron. 345 


¢ ofa tissue or an 


ball-and-socket joint The most freely 
movable type of synovial jount (e.g., the 
shoulder or hip joint). 231 

baroreceptor (har ‘o-re-sep'tor) A cluster of 
neuroreceptors simulated by pressure changes. 
Baroreceptors monitor blood pressure. 634 

basal metabolic rate (BMR) (ha‘sal met ’“a- 
bolak) The rate of metabolism (expressed 
as oxygen consumption or heat production) 
under resting or basal conditions (14 to 18 
hours after eauing). 812 

basal nucleus (ha‘sal noo kle-us) A mass of 
nerve cell bodies located deep within a 
cerebral hemisphere of the brain, also called 
basal gunglum 388 

base A chemical substance that tonizes in 
water to release hydroxyl rons (OH) or other 
tons that combine with hydraven ions. 26 

basement membrane A thin sheet ol 
extracellular substance to which the basal 
surfaces of membranous epithelial cells are 
attached: also called the basal amma. 110 

basophil (bhasi-til) A granular leukocyte 
that readily stains with basophilic dye. 553 


B cell lymphocytes Lymphocytes that can be 
transformed by antigens into plasma cells 
that secrete antibodies (and are thus 
responsible for humoral immunity). The B 
stands for bursa equivalent. 656 

belly) The thickest circumference of a skeletal 
muscle. 

benign (bi-nin’) 

bifurcate (bi ‘fur-kat) 
two branches. 

bile A liver secretion that ty stored and 
concentrated in the gallbladder and released 
through the common bile duct into the 
duodenum. Its essential for the absorpuon 
of fats. 791 

bilirubin (bil’ T-roo’bin) Bile pigment 
derived from the breakdown of the heme 
portion of hemoglobin. 792 

bipennate (bi-pen’at) Denoting muscles that 
have a fiber architecture coursing obliquely 
on both sides of atendon, 281 

blastula (blas tyoo-lh) An early stage of 
prenatal development between the morula 
and embryonic period. 903 

blood = The fluid connective ussue that 
circulates through the cardiovascular system 
to transport substances throughout the 
body. 551 

blood-brain barrier A specialized mechanism 
that inhibits the passage of certain materials 
from the blood into brain tissue and 
cerebrospinal fluid. 352 

bolus (bolus) A moistened mass of food that 
is swallowed from the oral cavity into the 
pharynx. 773 

bone A solid, rigid, ossified connective tissue 
forming an organ of the skeletal system. 127 

bony labyrinth (lab-rinth) A series of 
chambers within the petrous part of the 
temporal bone associated with the vestibular 
organs and the cochlea. The hony labyrinth 
contains a fluid called perilymph. 478 

Bowman's capsule (bo manz kap‘sul) See 
glomerular capsule. 730 

brachial plexus (bra‘’ke-al plek‘sus) A 
network of nerve fibers that arise from spinal 
nerves C5-C8 and TL. Nerves arising from 
the brachial plexuses supply the upper 
extremities. 428 

bradycardia (brad ‘t-kar‘de-a) A slow cardiac 
rate; fewer than 60 beats per minute. 603 

bradykinins (bradV-kininz) Short 
polypepudes that stimulate vasodilation and 
other cardiovascular changes. 633 

brain) The enlarged superior portion of the 
central nervous system located in the cranial 
cavity of the skull. 376 

brainstem) The pertion of the brain consisting 
of the medulla oblongata, pons, and 
midbrain. 392 

bronchialtree (hrong’ke-al) ~The broncht 
and their branching bronchioles. 689 

bronchiole (brong ke-ol) A small division of 
a bronchus within the lung. 689 

bronchus (hrony kus) A branch of the 
trachea that leads toa lung. 689 

buccal cavity (buk‘al) 
cavity, 770 


Not malignant. 674 
Forked; divided into 


The mouth, or oral 
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buffer A molecule that serves to prev 


ent large 
changes in pH by eithe 


recombining with Ht 
or by releasing H! into solution. 26 


bulbourethral glands (bul “ho-yoo-re‘thral) A 
pair of ghinds that secrete a viscous fluid inte 
the male urethra during sexual excitement; 
also called Cowper's glands 855 

bundle of His See atrioventricular bundle. 576 

bursa (bur’sa) A sachike structure filled with 
synovial fluid. Bursae are located at friction 
points, as around joints, over which tendons 
can slide without contacting bone. 228 

buttocks (hut‘oks) The tump or fleshy 
Masses on the posterior aspect of the lower 


trunk, formed primarily by the gluteal 
muscles. 14 


C 


Calcitonin (kal’’si-to‘nin) Also called 
thyrocalcitonm. A polypeptide hormone 
produced by the parafollicular cells of the 
thyroid and secreted in response to 
hypercalcemia. It acts to lower blood 
calcium and phosphate concentrations and 
may serve as an antagonist of parathyroid 
hormones. 173 

calmodulin (kal’‘mod-ya‘lin) A receptor 
protein for Ca** located within the 
cytoplasm of target cells. It appears to 
mediate the effects of this ion on cellular 
activities. 274 

Calorie (kal%-re) A unit of heat equal to the 
amount needed to raise the temperature of 
one gram of water by | C°. 76 

Calyx (kaiks) A cup-shaped portion of the 
renal pelvis that encircles a renal 
papilla. 729 

CAMP Cyclic adenosine monophosphate; a 
second messenger in the action of many 
hormones, including catecholamines, 
polypeptides, and glycoproteins. It serves to 
mediate the effects of these hormones on 
their target cells. 536 

canaliculus (kan ‘a-lk’ya-lus) A 
microscopic Channel in bone tissue that 
connects lacunae. 130 

canal of Schlemm (shlem) Sce scleral venous 
sinus. 494 

cancer A tumor characterized by abnormally 
rapid cell division and the loss of specialized 
tissue characteristics. This term usually refers 
to malignant tumors. 674 

capacitation (ki-pas’‘T-ta’shun) 
whereby spermatozoa gain the ability to 
fertilize ova. Sperm that have not have been 
capacitated inthe female reproductive tract 
cannot fertilize ova, S99 

capillary (kap Tlare) A microscopic blood 
vessel that connects an arteriole and a 
venule; the functional unit of the circulatory 
system 579 

carbonic anhydrase (kar-bon tk an-hidras) 
An enzyme that catalyzes the formation or 
breakdown of carbonic ac. When carbon 
dioxide Concentrations are relatively high, 
this enzyme catalyzes the formation of 
carbonic acid trom CO, and HLO. When 
carbon dioxide Concentrations are low, the 
breakdown of carbonic acid to CO; and HO 


The process 
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is catalyzed. These reactions aid the 
transport of carbon dioxide from tissues to 
alveolar air. 711 

Cardiac muscle (kar‘de-ak) Muscle of the 
heart, consisting of striated muscle cells. 
These cells are interconnected into a mass 
called the myocardium. = 273 

Cardiac output) The volume of blood pumped 
per minute by either the nght or left 
ventricle. 612 

cardiogenic shock (kar‘‘de-o-jen‘ik) Shock 
that results from low cardiac output in heart 
disease. 642 

Carotid sinus (ki-rot‘id) An expanded 
portion of the internal carotid artery located 
immediately above the point of branching 
from the external carotid artery. The carotid 
sinus contains baroreceptors that monitor 
blood pressure. 583 

Carpus (kar‘pus) The proximal portion of 
the hand that contains the eight carpal 
hones. 206 

Carrier-mediated transport) The transport of 
molecules or tons across a cell membrane by 
means of specific protein carriers. It includes 
both facilitated diffusion and active 
transport. 97 

cartilage (kar’ti-ly) A type of connective 
ussue with a solid elastic matrix. 126 

cartilaginous joint (kar‘‘ti-lay‘T-nus) A joint 
that lacks a joint cavity, permitting little 
movement between the bones held together 
by cartilage. 226 

cast) An accumulation of proteins molded 
from the kidney tubules that appears in urine 
sediment 759. 

Catabolism (ki-tab‘o-liz-em) The metabolic 
breakdown of complex molecules into 
simpler ones, often resulting in a release of 
energy. 814 

catecholamines (kat %-kol ‘4-meénz) 
of molecules including epinephrine, 
norepinephrine, L-dopa, and related 
molecules with effects similar to those 
produced by activation of the sympathetic 
nervous system. 364 

cations (kat‘-onz) Positively charged ions, 
such as sodium, potassium, calcium, and 
magnesium. 24 

caudaequina (kaw‘die-kwi'nd) The lower 
end of the spinal cord where the roots 
of spinal nerves have a tail-like 
appearance. 402 

cecum (se‘kum) The pouchltke portion of 
the large intestine to which the dleum of the 
small intestine is attached. 785 

cell) The structural and functional unit of an 
organism; the smallest structure capable of 
performing all the functions necessary for 
life. 42 

cell-mediated immunity (i-myoo'nt-te) 
Immunological defense provided by T cell 
lymphocytes that come within close 
proximity of their victim cells (as opposed to 
humoral ummunity provided by the secretion 
of antibodies by plasma cells). 656 

cellular respiration (scl ya-lar res” pi-ra shun) 
The energy-releasing metabolic pathways in 
acell that oxidize organte molecules such as 
glucose and fatty acids. 79 


A group 


cementum (se-men‘tum) Bonelike material 
that binds the root of a tooth to the 
periodontal membrane of the bony 
socket. 773 

centralcanal An clongated longitudinal 
channel in the center of an osteon in bone 
tissue that contains branches of the nutrient 
vessels and a nerve; also called a haversian 
canal. 130 

central nervous system = Part of the nervous 
system consisting of the brain and the spinal 
cord; CNS. 345 

centrioles (sen‘tri-olz) Cell organelles chat 
form the spindle apparatus during cell 
division. 61 

centromere (sen‘trd-mér) The central region 
of a chromosome to which the chromosomal 
arms are attached. 61 

centrosome (sen‘tri-som) A dense body 
near the nucleus of a cell that contains a pair 
of centrioles. 61 

cerebellar peduncle (ser %-bel‘ar pe- 
dung‘k'l) An aggregation of nerve fibers 
connecting the cerebellum with the brain 
stem. 393 

cerebellum (ser’‘é-bel‘um) The portion of 
the brain concerned with the coordination 
of skeletal muscle contraction. Part of the 
metencephalon, it consists of two 
hemispheres and a central vermis. 393 

cerebral arterial circle (seré-bral) An 
arterial vessel that encircles the pituitary 
gland. It provides alternate routes for blood 
to reach the brain should a carotid or 
vertebral artery become occluded; also called 
the circle of Willis. 585 

cerebral peduncles A paired bundle of nerve 
fibers along the inferior surface of the 
midbrain that conduct impulses between the 
pons and the cerebral hemispheres. 392 

cerebrospinal fluid (ser°@-bro-spr'nal) A 
fluid produced by the choroid plexus of the 
ventricles of the brain. It fills the ventricles 
and surrounds the central nervous system in 
association with the mening: 376 

cerebrum (ser‘é-brum) The largest portion of 
the brain, composed of the nght and left 
hemispheres. 380 

ceruminous gland (st-roo’mi-nus) A 
specialized integumentary gland that secretes 
cerumen, or carwax, into the external 
auditory canal. 482 

Cervical (servi-kal) Pertaiming to the neck 
ora necklike portion of an organ, 

Cervical ganglion (sany'gle-on) A cluster of 
postganglionic sympathetic nerve cell bodies 
located in the neck, near the cervical 
vertebrac. 452 

Cervical plexus (plek’sus) A network of 
spinal nerves formed by the antenor branches 
of the first four cervical nerves. 428 

Cervix (serviks) 1. The narrow necklike 
pertion of an organ. 2. The intenor end of 
the uterus that adjoins the vagina (cervix of 
the uterus). 873 

chemoreceptor (ke mo-re-sep'tor) A 
neuroreceptor that ts stimulated by the 
presence of Chemical molecules. 465 
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chemotaxis (he 


ofan organism oracell, such as a leukocyte, 


mo-tak sis) The movement 
toward a chemical stumulus. 652 

Cheyne-Stokes respiration (chan stokes 
res pl-ra shun) — Breathing characterized by 
thythmic waxing and waning of the depth of 
respiration, with regularly occurring periods 
of apnea (hulure to breathe). 720 

chiasma (ki-asma) A crossing of nerve 
tracts from one side ot the CNS to the other; 
also called a chiasm 20 

Choane (ho-a ne) 
openings trom the nasal cavity into the nasal 
pharynx; also called the mrernal nares. 684 

Cholesterol (ko-les terol) A 27-carbon 
sterotd that serves as the precursor of steroid 
hormones. 34 

Cholinergic (ko lieneryik) Denoting nerve 
endings that liberate acetylcholine as a 
Neurotransmitter, such as those of the 
parasympathetic system. 455 

Chondrocranium (kon dro-kra‘ne-um) The 
portion of the skull that supports the brain. 
Itas derived trom endochondral bone. 192 

chondrocytes (kon dro-sitz) 
forming cells. 126 

chordae tendineae (kor de ten-din e-e) 
Chordlike tendinous bands that connect 
papillary muscles to the leaflets of the 
atnoventricular valves within the ventricles 
of the heart. 569 

chorea (ki-re-A)) The occurrence of a wide 
variety of rapid, comples, yerky movements 
thar appear to be well coordinated but that 
are performed involuntarily. 366 

chorion An extraembryonic membrane that 
participates in the formation of the 
placenta. 910 

choroid (koroid) The vascular, pyymented 
middle layer of the wall ot the eye. 492 

choroid plexus =A mass of vascular capillaries 
from which cerebrospinal fluid iy secreted 
into the ventricles of the brain. 391 

chromatids (kroma-nd:) Duplicated 
chromosomes, yorned together at the 
centromere, that separate during cell 
division. 61 

chromatin (kro’ma-tin) = Threadlike 
structures in the cell nucleus consisting 
primarily of DNA and protein. They 
represent the extended form of chromosomes 
Junng interphase. 33 

chromatophilic substances (kro ma-to-fil 1k) 
Clamps of rough endoplasmic reticulum in 
the cell bodies of neurons; also called Niss! 
bodies. 345 

chromosomes (kro mo-somz) 
the nucleus that contain the penes for 


The two postertor 


Cartlage- 


Structures in 


genetic expression, — 4 

chyme (kim) The mass of partially digested 
food that passes from the pylorus of the 
stomach inte the duodenum of the small 
intestine. 776 

cilia (sila) Microscopie hairlike processes 
that move ina wavelike manner on the 
exposed surfaces of certain epithelial 
cells. 45 

ciliary body (s:1 c-er e) 
chorond layer of the eye that secretes aqueous 
humor. Ie contains the ciliary muscle 492 


A portion of the 


circadian rhythms (ser ka-de‘an) 
Phystologieal changes that repeat at about 24- 
hour intervals. These are often synchronized 
with changes in the external environment, 
such as the day-night cycles. 524 

Circle of Willis See cerebral arterial circle. 585 

Circumduction (ser kum-duk’shun) A 
movement of a body part that outlines a 
cone, such that the distal end moves ina 
circle while the proximal portion remains 
relatively stable. 234 

Cirrhosis (si-ro’sis) Liver disease 
characterized by loss of normal microscopic 
structure, which ts replaced by fibrosis and 
nodular regeneration. 790 

Clitoris (klitor-is, kl tor-is) A small, 
erectile structure in the vulva of the female, 
homologous to the glans penis in the 
male. 876 

Clone (klon) 1. A group of cells derived from 
a single parent cell by mitouc cell division; 
since reproduction ts asexual, the 
descendants of the parent cell are genetically 
identical. 62) 2. A term used to refer to 
cells as separate individuals (as in white 
hlood cells) rather than as part of a growing 
organ, 664 

CNS See central nervous system. 345 

coccygeal (kok-sije-al) Pertaining to the 
region of che coceyx; the caudal termination 
of the vertebral column. 191 

cochlea (kok le-A)) = The organ of hearing in 
the mner ear where nerve impulses are 
venerated in response to sound waves. 483 

cochlear window 3 Sce round window. 483 

codon (ko den) The sequence of three 
nucleotide bases in MRNA that specifies a 
given amino acid and determines the 
postion of that amino acid in a polypeptide 
chain through complementary base pairing 
with an anticodon in RNA. 55 

coelom (se lom) The abdominal cavity. 15 

coenzyme (ko-en’zim) Anorganic molecule, 
usually derived from a water-soluble vitamin, 
that combines with and activates specific 
enzyme proteins. 73 

cofactor (ko‘fak-tor) A substance needed for 
the catalytic action of an enzyme; yenerally 
used in reference to inorganic tons such as 
Ca** and Mg'*. 73 

collateral (ko-lat’er-al) A small branch of a 
blood vessel or nerve fiber. 

colloid osmotic pressure (kol ‘ord oz-mot ik) 
Osmotic pressure exerted by plasma proteins 
that are present as a collordal suspension; 
also called oncotic pressure. 617 

colon (kolon) The first portion of the large 
intestine. 785 

common bile duct A tube formed by the union 
of the hepane duct and cystic duct that 
transports bile to the duodenum. 793 

compact bone Tightly packed bone that ts 
superficial co spongy bone and covered by 
the perrosteum, also called dense bone. 165 

compliance (kom-plians) A measure ot the 
case with which a structure such ay the lung 
expands under pressure; a measure of the 
chanve in volume as a function of pressure 
changes. 693 


conduction myofibers Specialized large- 
diameter cardiac muscle fibers that conduct 

al impulses from the AV bundle into 

ular walls; also called Purkoye 


electric 
the ventric 
fibers 576 

condyle (kon dil) A rounded process at the 
end of a long bone that forms an 
articulation. 164 

cone A colorreceptor cell in the retina of the 
eve. 500 

congenital (kon-jenI-tal) Present at the 
time of birth. 

congestive heart failure (kon-jes ‘twv) The 
inability of the heart ro deliver an adequate 
blood flow as a result of heart disease or 
hypertension. This condition ts associated 
with breathlessness, salt and water retention, 
andedema. 643 

conjunctiva (kon’ jungk-ti'va) The thin 
membrane covering the anterior surface of 
the eyeball and lining the eyelids. 490 

conjunctivitis (kon-jungk Ui-vi tis) 
Inflammation of the conjunctiva of the eye, 
which 1s sometimes called “pink eye.” 508 

connective tissue One of the four basic tissue 
types within the body. It is a binding and 
supportive tissue with abundant matrix. 120 

Conn’s syndrome (konz) Primary 
hyperaldosteronism; excessive secretion of 
aldosterone produces electrolyte 
imbalances. 750 

contralateral (kon tra-later-al) Taking 
place or originating in a corresponding part 
on the opposite side of the body. 438 

conus medullaris (ko nus med “‘yi-laris) The 
inferior, tapering portion of the spinal 
cord. 402 

convolution (kon-vi-loo’shun) An elevation 
on the surface of a structure and an infolding 
of the tissue upon itself. 383 

cornea (kor’ne-3) ~The transparent, convex, 
antenor portion of the outer layer of the 
eyeball. 492 

coronal plane (kor -nal, ko-ro‘nal) A plane 
thar divides the body into anterior and 
posterior portions; also called a frontal 
plane 11 

coronary circulation (kor®-nar’’e) The 
arterial and venous blood circulation to the 
wall of the heart. 571 

coronary sinus =A large venous channel on the 
Posterior surface of the heart into which the 
cardiac veins drain. 571 

Corpora quadrigemina (kor’por-a kwad‘‘rl- 
jem‘Tena) Four superior lobes of the 
midbrain concerned with visual and auditory 
functions. 392 

corpus callosum (kor‘pus ka-lo’sum) A large 
tract of white matter within the brain that 
connects the right and left cerebral 
hemispheres. 380 

Corpuscle of touch (kor’pus'l) A touch 
sensory receptor tound in the papillary layer 
of the dermis of the skin; also called 
Metssner’s corpuscle. 467 

Cortex (hortehs) 1. The outer layer of an 
internal organ or body structure, as of the 
kidney or adrenal gland. 526 2. The 
convoluted layer of gray matter that covers 
the surface of each cerebral hemisphere. 383 
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corticosteroids (kor’‘t¥-ko-ster‘oudz) Steroid 
hormones of the adrenal cortex, consisting 
of glucocorticotds (such as hydrocortisone) 
and mineralocortocoids (such as 
aldosterone), 34 

costal cartilage (kos‘tal) The cartilage that 
connects the ribs to the sternum. 198 

cranial (kra‘ne-al) 
cranium. 

cranial nerves One of 12 pairs of nerves that 
arise from the brain. 417 

Cranium (kra‘ne-um) The bones of the skull 
that enclose or support the brain and the 
organs of sight, hearing, and balance. 192 

creatine phosphate (kre‘d-tin fos fan) An 
organic phosphate molecule in muscle cells 
that serves as a source of high-energy 
phosphate for the synthesis of ATP; also 
called phosphocreatme. 271 

crenation (kri-na‘shun) A notched or 
scalloped appearance of the red blood cell 
membrane caused by the osmotic loss of 
water from these cells. 96 

crest’ A thickened ridge of bone for the 
attachment of muscle. 

Cretinism (kretn-iz’’em) A condition 
caused by insufficient thyroid secretion 
during prenatal development or the years of 
early childhood. It results in stunted growth 
and inadequate mental development. 543 

cricoid cartilage (kri’koid) A ring-shaped 
cartilage that forms the interior portion of 
the larynx. 687 

Crista (kris‘ta) Acrest, such as the crista 
galls that extends superiorly from the 
enbriform plate of the ethmoid bone. 187 

cryptorchidism (krip-tor ki-diz’‘em) A 
developmental defect in which one or both 
testes fail to descend into the scrotum and, 
instead, remain in the body cavity. 863 

cubital (kyoo bi-tal) Pertaining to the 
antebrachium. The cubital fossa is the 
anterior aspect of the elbow joint. 15 

Curare (koo-ra-re) A chemical derived from 
plant sources that causes flaccid paralysis by 
blocking ACh receptor proteins in muscle 
cell membranes. 362 

Cushing’s syndrome (koosh‘ingz) Symptoms 
caused by the hypersecretion of adrenal 
steroid hormones as a result of tumors of the 
adrenal cortex or ACTH-secreung tumors of 
the anteror pituitary. 543 

cyanosis (si a-no‘sis) A bluish discoloration 
of the skin or mucous membranes due to 


Pertaining to the 


excessive concentration of 
deoxyhemoglobin; indicates inadequate 
oxygen concentration in the blood. 141 

cystic duct (sis‘tk dukt) The tube that 
transports bile from the gallbladder to the 
common bile duct. 793 

cytochrome (s1 t®-krom) 
mitochondria that transports electrons in 
the process of aerobic respiradon, 84 

cytokinesis (si to-kE-ne’sis) The division of 
the cytoplasm that occurs in mitosts and 


A pigmentin 


metosis, when a parent cell divides to 
produce two daughter cells. 62 

cytology (si-rolo-ye) The science dealing 
with the study of cells. 5 


cytoplasm (sité-plaz’em) Inacell, the 
protoplasm located outside of the 
nucleus, 46 

cytoskeleton (si ‘to-skel @-ton) A 
latticework of structural proteins in the 
cytoplasm arranged in the form of 
microfilaments and microtubules. 47 


deciduous (di-sij‘oo-us) Pertaining to 
something shed or cast off ina particular 
sequence. Deciduous teeth are shed and 
replaced by permanent teeth during 
development. 771 

decussation (dek’‘uh-sa’shun) A crossing of 
nerve fibers from one side of the CNS to the 
other. 403 

defecation (def’%-ka’shun) The elimination 
of feces from the rectum through the anal 
canal and out the anus. 787 

deglutition (de“‘gloo-tish’un) The act of 
swallowing. 775 

delayed hypersensitivity An allergic response 
in which the onset of symptoms may not 
occur until 2 or 3 days after exposure to an 
anugen. Produced by T cells, it 1s a type of 
cell-mediated immunity. 678 

denaturation (de-na‘‘chur-a’shun) 
Irreversible changes in the tertiary structure 
of proteins caused by heat or drastic pH 
changes. 36 

dendrite (den‘drit) A nerve cell process that 
transmits impulses toward a neuron cell 
body. 345 

dentin (den‘tin) The main substance of a 
tooth, covered by enamel over the crown of 
the tooth and by cementum on the root. 
773 

dentition (den-tish’un) The number, 
arrangement, and shape of teeth. 773 

depolarization (de-po“‘lar-i-za‘shun) The 
loss of membrane polarity in which the 
inside of the cell membrane becomes less 
Negative in comparison to the outside of the 
membrane. The term ts also used to indicate 
the reversal of membrane polarity that 
occurs during the production of acuon 
potentials in nerve and muscle cells, 353 

dermal papilla (pa-pil’a) A projection of the 
dermis into the epidermis. 142 

dermis (der’mis) The second, or deep, layer 
of skin beneath the epidermis. 142 

descending colon The segment of the large 
intestine that descends on the left side from 
the level of the spleen to the level of the left 
iliac crest. 785 

diabetes insipidus (dia-be ‘téz in-sip T-dus) 
A condition in which inadequate amounts of 
antidiuretic hormone (ADH) are secreted by 
the posterior pituitary. It results in the 
inadequate reabsorption of water by the 
kidney tubules and, thus, in the excretion of 
a large volume of dilute urine. 543 

diabetes mellitus (mé-litus) The 
appearance of glucose in the urine due to the 
presence of high plasma glucose 
concentrations, even in the fasting state. 


This disease ts caused by either lack of 


sufficient insulin secretion or inadequate 
responsiveness of the target tissues to the 
effects of insulin, 833 

diapedesis (di‘‘a-pe-de‘sis) The migration of 
white blood cells through the endothelial 
walls of blood capillaries into the 
surrounding connective Ussues. 652 

diaphragm (di‘a-fram) A sheetlike dome of 
muscle and connective tissue that separates 
the thoracic and abdominal cavities. 290 

diaphysis (di-af‘-sis) The shaft of a long 
bone. 165 

diarrhea (di‘’a-re’a) ~=Abnormal frequency of 
defecation accompanied by abnormal 
liquidity of the feces. 786 

diarthrosis (di‘‘ar-thro’sis) A type of 
functionally classified yoint in which the 
articulating bones are freely movable; also 
called a synovial joint. 224 

diastole (di-as‘té-le) The sequence of the 
cardiac cycle during which a heart chamber 
wallis relaxed. 573 

diencephalon (di‘’‘en-sef-lon) A major 
region of the brain that includes the third 
ventricle, thalamus, hypothalamus, and 
pituitary gland. 390 

diffusion (di-fyoo’zhun) The net movement 
of molecules or ions from regions of higher 
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to regions of lower concentration. 92 

digestion = The process by which larger 
molecules of food substance are broken down 
mechanically and chemically into smaller 
molecules that can be absorbed. 765 

diploe (dip'lo-e) The spongy layer of bone 
positioned hetween the inner and outer 
layers of compact bone. 165 

diploid (diploid) Denoting cells having two 
of each chromosome or twice the number of 
chromosomes that are present in sperm or 
ova. 839 

disaccharide (di-sak %-rid) 
double sugars; 


Any of a class of 

carbohydrates that yield two 
simple sugars, or monosaccharides, upon 
hydrolysis. 30 

distal (dis‘tal) Away from the midline or 
ongin; the opposite of proximal. 12 

diuretic (di ‘yi-ret‘ik) An agent that 
promotes the excretion of urine, thereby 
lowering blood volume and pressure. 620 

DNA Deoxyribonucleic acid; composed of 
nucleotide bases and deoxyribose sugar. It is 
found in all living cells and contains the 
genetic code. 52 

dopamine (do’pa-mén) A type of 
Neurotransmitter in the central nervous 
system; also is the precursor of 
norepinephrine, another neurotransmitter 
molecule. 364 

dorsal (dor’sal) Pertaining to the back or 
pesterior portion of a body part; the opposite 
of ventral, also called posterwr. 12 

dorsal root ganglion See posterior root 
ganglion. 427 

dorsiflexion (dor ‘si-flek’shun) Movement 
at the ankle as the dorsum of the foot ts 
elevated. 232 

ductus arteriosus 9 (duk ‘tus ar-tr’“e-o’sus) 
The blood vessel that connects the pulmonary 
trunk and the aorta ina fetus. 601 
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ductus deferens (det ’er-enz) pl. ductus 
deferentta A tube that carries spermatozoa 
from the epididymis to the eyaculatory 
duct; also called the vas deferens or seminal 
duct. 854 

ductus venosus (ven-o’sus) A fetal blood 
vessel that connects the umbilical vern and 
the infertor vena cava. 601 

duodenum (doo? %-de num, doo-od % num) 
The first portion of the small intestine that 
leads trom the pylorus of the stomach to the 
jejunum, 781 

dura mater (doord mater) 
meninx. 396 

dwarfism =A condition in which a person ts 
undersized due to inadequate secretion of 
growth hormone. 173 

dyspnea (disp-ne) Subjective difficulty in 
breathing. 699 


The outermost 


E 


eccrine gland (ck‘rin) A sweat yland that 
functions in thermoregulation. 148 

ECG See electrocardiogram. 577 

ectoderm (ck ti-derm) The outermost of the 
three primary germ layers of an embryo. 904 

ectopic focus (ck-topik) An area ofthe 
heart other than the SA node that assumes 
pacemaker acuity. 575 

ectopic pregnancy Embryonic development 
that occurs anywhere other than in the 
uterus (as in the uterine tubes or body 
cavity). 890 

edema (¢-de'm3) 
of fluid in the body tssues. 618 

EEG See electroencephalogram. 386 

effector (@-fek‘tor) Anorgan, such asa 
gland or muscle, that responds to a motor 
stimulation. 17 

efferent (cf‘er-ent) Conveying away from 
the center of an organ or structure. 346 

efferent arteriole (ar-tir’e-ol)) Anarteriole 
of the renal vascular system that conducts 
blood away from the glomerulus of a 
nephron. 730 

efferent ductules (duk‘toolz) A series of 
coiled tubules through which spermatozoa 
are transported from the rete testis to the 
epididymis. 848 

efferent neuron (noor’on) 
neuron 346 

ejaculation (é-jak“‘yi-la’shun) The 
discharge of semen from the male urethra 
that accompanies orgasm. 858 

ejaculatory duct (¢-jak“ya-la-tor’-c) A tube 
that transports spermatozoa from the ductus 
deferens to the prostauc urethra. 854 

elastic fibers (@-las‘uk) Protein strands that 
are found in certain connective tissue that 
have contractile properties. 124 

elbow The synovial joint between the 
brachium and the antebrachium. 241 

electrocardiogram (é-lck“‘tro-kar‘de-%- 
gram’) A recording of the electrical 
activity that accompanies the cardiac cycle; 
ECG or EKG. 577 

electroencephalogram (é-lek ‘tro-en-sef @-1b- 
gram) A recording of the brain-wave 


An excessive accumulation 


See motor 


patterns or electrical mpulses of the brain 
from electrodes placed on the scalp; 
EEG. 386 

electrolytes (&-lek‘tro-litz) lons and 
molecules that are able to tonize and thus 
carry an electric current. The most common 
electrolytes in the plasma are Nat, HCO;, 
and Kt. 728 

electromyogram (¢-lek’‘tro-mi’o-pram) A 
recording of the electrical impulses or 
acuvity of skeletal muscles using surface 
electrodes; EMG. 318 

electrophoresis (é-Ick“‘tro-f6-re’sis) A 
biochemical technique in which different 
molecules can be separated and identified 
by their rate of movement in an electric 
field. 657 

elephantiasis (cl t-fan-ti‘a-sis) A disease 
caused by infection with a nematode worm 
in which the larvae block lymphatic 
draimage and produce edema; the lower areas 
of the body can become enormously swollen 
asaresult. 618 

embryology (em ‘bre-old-je) The study of 
prenatal development from conception 
through the eighth week in utero. 906 

EMG See electromyogram. 318 

emphysema (cm ‘ti-se‘ma, em’ ‘fi-ze‘ma) A 
lung disease in which the alveoli are 
destroyed and the remaining alveoli become 
larger. It results in decreased vital capacity 
and increased airway resistance. 719 

emulsification (t%-mul‘‘si-fi-ka’shun) The 
process of producing an emulsion or fine 
suspension; in the small intestine, fat 
globules are emulstlied by the detergent 
action of bile. = 798 

enamel (&-nam‘el) The outer dense substance 
covering the crown of a tooth, 773 

endergonic (en ‘der-gonik) Denounga 
chemical reaction that requires the input of 
energy from an external source in order to 
proceed. 76 

endocardium (en’‘do-kar‘de-um) The 
endothelial lining of the heart chambers and 
valves. 567 

endochondral bone (en ‘di-kon“dral) 
Denoting bones that develop as hyaline 
cartilage models first and that are then 
ossified. 167 

endocrine gland (en‘di-krin) A ductless, 
hormone-producing gland that ts part of the 
endocrine system. 514 

endocytosis (en‘‘do-si-te’sis) A general 
term for the cellular uptake of particles that 
are too large to cross the cell membrane. See 
also phagocytosis and pinocytosts. 45 

endoderm (en‘do-derm) The innermost of the 
three primary germ layers of an embryo. 904 

endogenous (en-dey%-nus) Denoting a 
product or process arising from within the 
body (as opposed to exogenous products or 
influences from external sources). 

endolymph (cn‘do-limf) A fluid within the 
membranous labyrinth and cochlear duct of 
the inner car that aids in the conduction of 
vibrations involved in hearing and the 
maintenance of equilibrium. 478 


endometrium (en ‘do-me tre-um) The inner 


hning of the uterus. 874 

endomysium (en‘‘do-mis’e-um) The 
connective tissue sheath that surrounds each 
skeletal muscle fiber, separating the muscle 
cells from one another. 255 

endoneurium (en ‘do-nyoo ‘re-um) The 
connective tissue sheath that surrounds each 
nerve fiber, separaning the nerve fibers one 
from another within a nerve. 347 

endoplasmic reticulum (en-do-plaz mik re- 
tik’yi-lum) A cytoplasmic organelle 
composed of a network of canals running 
through the cytoplasm of a cell. 50 

endorphins (en-dor'finz) A group of 
endogenous opiate molecules that may act as 
anatural analgesic. 367 

endothelium (en ‘do-the le-um) The layer 
of epithelial ussue that forms the thin 
inner Lining of blood vessels and heart 
chambers. 110 

endotoxin (en’‘do-tok’sin) A toxin found 
within certain types of bacterta that ts able 
to stimulate the release of endogenous 
pyrogen and produce a fever. 653 

enkephalins (en-kef‘a-linz) Short 
polypepudes, containing five amino acids, 
that have analgesic effects and that may 
function as neurotransmitters in the brain. 
The two known enkephalins (which differ in 
only one amino acid) are endorphins. 367 

enteric (en-terik) The term referring to the 
small intestine. 

entropy (en‘tro-pe) The energy of a system 
that is not avatlable to perform work. A 
measure of the degree of disorder ina system, 
entropy increases whenever energy ts 
transformed. 75 

enzyme (en’zim) A protein catalyst that 
increases the rate of specific chemical 
reactions. 70 

eosinophil (¢°D-sin’S-fil) A type of white 
blood cell characterized by the presence of 
cytoplasmic granules that become stained by 
acidic eosin dye. Eosinophils normally 
constitute about 2% to 4% of the white 
blood cells. 553 

epicardium (ep t-kar‘de-um) A thin, outer 
layer of the heart; also called the visceral 
pericardium. 566 

epicondyle (ep i-kon‘dil) A projection of 
bone above a condyle. 164 

epidermis (ep i-der‘mis) The outermost 
layer of the skin, composed of several 
stratified squamous epithelial layers. 138 

epididymis (¢pi-didt-mis) A highly coiled 
tube located along the posterior border of the 
testis. It stores spermatozoa and Uransports 
them from the seminiferous tubules of the 
testis to the ductus deferens, 853 

epidural space (ep T-dooral) A space 
between the spinal dura mater and the bone 
of the vertebral canal. 396 

epiglottis (ep t-ylot‘is) A leaflike structure 
positioned on top of the larynx. It covers the 
glottis during swallowing. 687 

epimysium (ep’ T-mis‘e-um) A fibrous outer 
sheath of connective tissue surrounding a 


skeletal muscle. 255 
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epinephrine (ep Y-nef rin) A hormone 
secreted trom the adrenal medulla resulting 
in actions similar to those resulting trom 
sympathetic nervous system sumulation; also 
called adrenaline, 528 

epineurium (ep Y-nyoore-um) A fibrous 
outer sheath of connective tissue 
surrounding a nerve. 347 

epiphyseal plate (ep 4-tiz'e-al) A hyaline 
cartilaginous layer located between the 
epiphysis and diaphysts of a long bone. It 
functions as a longitudinal growing region. 
166 

epiphysis (&-pil V-sis) The end segment of a 
long hone, separated trom the diaphysis early 
in life by an epiphyseal plate but later 
becoming part of the larger bone 165 

episiotomy (& pe ze-ot O-me) 
the perineum at the end of the second stage 
of labor to facilitate delivery and to averd 
tearing the perineum, 922 

epithelial tissue (ep i-the le-al) One of the 
four basic tissue types; the type of tissue 
that covers or lines all exposed body 
surtaces. 108 

eponychium (ep’-nik’e-um) The thin layer 
of stratum corneum of the epidermis of the 
skin that overlaps and protects the lunula of 
the nail. 147 

EPSP Excitatory postsynaptic potential; a 
graded depolarization of a postsynaptic 
membrane in response to stimulation by a 
neurotransmitter chemical. EPSPs can be 
summated but can be transmitted only over 
short distances. They ean stimulate the 
production of action potentials when a 
threshold level of depolarization has been 
attained. 361 

erythroblastosis fetalis (¢-rith ‘ro-blas-to ‘sts 
fi-tal’is) Hemolytic anemia in an Rh 
positive newborn caused by maternal 
antibodies against the Rh factor that have 
crossed the placenta 558 

erythrocyte (t-rith rb-sit) 
cell. 552 

esophagus (&-sofa-gus) A tubular portion of 
the Gl tract that leads fram the pharynx to 
the stomach as at passes through the thoracic 


A red blow rd 


cavity. 775 

essential amino acids Those eight amino 
acids in adults or nine amino acids in 
children that cannot be made by the human 
body: therefore, they must be obtained in the 
diet. R1Y 

estrogens (cs tro-jenz) 
sex hormones secreted from the ovarian 
(vraatian) follicle. 533 

estrus cycle (estrus) Cyclic changes in the 
structure and function of the ovares and 
female reproductive tractof mammals other 


Any of several female 


than humans, accompanied by pertods of 
“heat” (estrus) of sexual receptivity. Estrus ts 
the equivalent of the human menstrual cycle 
but differs from the human menstrual cycle 
in thatthe endometnunm ts not shed with 
accompanying | leeding. SSI 
etiology \ 
especially of disease, ine ludin 
and what pathogens, any, ate involved 


teal oye) The study of cause, 


y the ongin 
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An incision of 


eustachian canal (you-stake-an) See 
auditory tube. 483 

eversion (&-verzhun) A movement of the foot 
in which the sole is turned outward. = 235 

exergonic (ck ‘ser-yon th) 
chemical reactions that liberate energy. 76 

exocrine gland (ck so-krin) A gland that 
secretes its product to an epithelial surface, 
directly or through ducts. 117 

exocytosis (ek su-si-to'sis) The process of 
cellular secretion in which the secretory 


Denoting 


products are contained within a membrane- 
enclosed vesicle. The vesicle fuses with the 
cell membrane so thar the lumen of the 
vesicle is open to the extracellular 
environment. 45 

expiration (ck ‘spi-ra’shun) The process of 
expelling air trom the lungs through 
breathing out; also called exhalation. 696 

extension (ek-sten shun) A movement that 
increases the angle between parts of a 
yoint. 232 

extensor A muscle that, upon contraction, 
increases the angle of a yoint. 

external (superficial) Located on or toward 
the surface. 12 

external acoustic meatus (a-koo’suk me- 
a'tus) Anopening through the temporal 
bone that connects with the tympanum and 
the middle-ear chamber and through which 
sound vibrations pass; also called the external 
auditory meatus. 482 

exteroceptors (ch‘st®-ro-sep‘torz) Sensory 
receptors that are sensitive to changes in the 
external environment (as opposed to 
interoceptors). 465 

extraocular muscles (ck ‘stra-ok ‘yir-lar) 
The muscles that insert into the sclera of the 


eye and that ace to change the position of 
the eve in its orbit (as opposed to the 
intraocular muscles, such as those of the tris 
and ciliary body within the eye). 285 

extrinsic (cks-crin’sik) Pertaining to an 
outside or external origin. 


F 


face 1. The anterior aspect of the head not 
supporting or covering the brain. 12 
2. The exposed surface of a structure. 

facet (fast) A small, smooth surtace of a 
hone where articulation occurs. 164 

facilitated diffusion (11-sil ita ud) The 
carner-mediated transport of molecules 
through the cell membrane along the 
direction of their concentration gradients. It 
does not require the expenditure of 
metabolic energy. 95 

FAD Flavin adenine dinucleotide; a coenzyme 
denved trom ribotlavin that participates 
in electron transport within the 
mitochondria, 78 

falciform ligament (tal si-term li a-ment) 
An extension of parietal peritoncum that 
separates the night and lett lobes of the 


liver, 767 
fallopian tube (ti-lo pe-an) See uterine tube. 
872 


false vocal cords The supporting folds of 
ussue for the true vocal cords within the 
larynx. 688 

falx cerebelli (falks ser’@-bel e) A fold of 
the dura mater anchored to the occipital 
bone. It projects inward between the 
cerebellar hemispheres. 398 

falx cerebri (ser't-bre) A told of dura mater 
anchored to the crista gallt of the ethmord 
bone. It extends between the night and left 
cerebral hemispheres. 395 

fascia (fash’e-a)) A tough sheet of fibrous 
tissue binding the skin to underlying muscles 
or supporting and separating muscles. 122 

fasciculus ({a-sik yi-lus) A small bundle of 
muscle or nerve fibers. 255 

fauces (faw sez) The passageway between 
the mouth and the pharynx. 770 

feces (fe’stz) Material expelled trom the GI 
tract during defecation, composed of 
undigested food residue, bacteria, and 
secretions; also called stool — 787 

fertilization (fer ti-li-za’shun) — The fusion of 
an ovum and spermatozoon, 899 

fetus (fetus) A prenatal human after 8 
weeks of development. 917 

fibrillation (fib‘‘ri-la’shun) A condition of 
cardiac muscle characterized electrically by 
random and continuously changing patterns 
of electrical activity and resulting in the 
inability of the myocardium to contract as a 
unit and pump blood. It can be fatal if it 
occurs inthe ventricles. 604 

fibrin (fibrin) = The insoluble protein formed 
from fibrinogen by the enzymatic action of 
thrombin during the process of blood clot 
formation. 559 

fibrinogen (fi-brin‘G-jen) A soluble plasma 
protein that serves as the precursor of fibrin; 
also called factor 1. 559 

fibroblast (fi bro-blast) An elongated 


connective tissue cell with cytoplasmic 
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extensions that is capable of forming 
collagenous tibers or elastic fibers. 122 

fibrous joint (fi brus) A type of articulation 
bound by fibrous connective tissue that 
allows little or no movement (e.g, a 
syndesmosis). 225 

filiform papillae (fil i-form pa-pil’e) 
Numerous small projections over the entire 
surface of the tongue in which taste buds are 
absent. 771 

filumterminale (ti lumter-mi-nal’e) A 
fibrous, threadhike continuation of the pia 
mater, extending inferiorly trom the 
terminal end of the spinal cord to the 
coccyx. 402 

fimbriae (tin bre-e)  Fringelike extensions 
from the borders of the open end of the 
uterine tube. 782 

fissure (tush ur) 
that separates two parts, such as the cerebral 
hemispheres of the brain, 380 

flagellum (ilajyelum) A whiphke structure 
that provides motility for sperm. 45 

flare-and-whealreaction (hwel, wel) A 
Cutaneous reaction te skin injury oF the 


A proove or narrow cleft 


administration of antigens, produced by 
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release of histamine and related molecules 


and charactenzed by local edema and a red 
flare. 679 


flavoprotein (fla vo-pro‘te-in) A 
conjugated protein containing a flavin 
pment that ts involved in electron 
transport within the mitochondria. 84 

flexion (flek’shun) A movement that 
decreases the angle between parts of a 
joint. 232 

flexor (flek’sor) A muscle that decreases the 
angle of a yornt when it contracts. 

fontanel (fon’ta-nel’) A membranous- 
covered region on the skull of a fetus or baby 
where ossification has not yet occurred 
commonly called a soft spor. 192 

foot The terminal portion of the lower 
extremity, consisting of the tarsal bones, 
metatarsal bones, and phalanges. 216 

foramen (f-ra’men), pl. foramina An 
opening in an anatomical structure, usually 
in a bone, for the passage of a blood vessel or 
anerve. 164 

foramen ovale (o-val‘e) An opening through 
the interatrial septum of the fetal heart. 601 

forearm) The portion of the upper extremity 
between the elbow and the wrist; also called 
the antebrachium. 205 

fornix (forniks) 1. A recess around the 
cervix of the uterus where it protrudes into 
the vagina. 895 2. A tract within the 
brain connecting the hippocampus with the 
mammiullary bodies. 460 

fossa (fos‘n) 
bone. 164 

fourth ventricle (ven‘trt-k'l) A cavity within 
the brain, between the cerebellum and the 
medulla oblongata and the pons, containing 
cerebrospinal fluid. 398 

foveacentralis (fo’ve-Asen-tra‘ lis) A 
depression on the macula lutea of the eye, 
where only cones are located; the area of 
keenest vision. 500 

frenulum (fren‘yi-lum) A membranous 
structure that serves to anchor and limit the 
movement of a body part. 771 

frontal 1. Pertamingy to the region of the 
forehead. 12) 2. A plane through the 
body, dividing the body into anterior and 
posterior portions; also called the coronal 
plane II 

FSH = Follicle-stamulating hormone; one of the 
two ponadotropic hormones secreted from 
the anterior pituitary. In females, FSH 
stumulates the development of the ovanan 


’ 


A depressed area, usually ona 


follicles; in males, it stmulates the 
production of sperm in the seminiferous 
tubules. 520 

fungiform papillae (fun ‘jI-torm pa-pil‘e) 
Flattened, mushroom-shaped proyections 
interspersed over the surface of the tongue in 
which taste buds are present. 771 


G 


GABA Gamma-aminoburynic acid; believed to 
function as an inhibitory neurotransmitter in 
the central nervous system. 366 
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gallbladder A pouchlike organ attached to the 
underside of the liver in which bile secreted 
by the liver is stored and concentrated. 793 

gamete (gam tt) A haploid sex cell; ether 
an egg cell ora sperm cell. 839 

ganglion (vang’gle-on) An aggregation of 
nerve cell bodies occurring outside the 
central nervous system. 345 

gastric intrinsic factor (yas’‘tnk) A 
glycoprotein secreted by the stomach that 
is needed for the absorption of vitamin 
By. 779 

gastrin (gas‘trin) A hormone secreted by the 
stomach that stimulates the gastric secretion 
of hydrochloric acid and pepsin. 778 

gastrointestinal tract (GI tract) (gas “‘tro-in- 
tes‘U-nal) ~The portion of the digestive 
tract that includes the stomach and the 
small and large intestines. 766 

gates Structures composed of one or more 
Protein molecules that regulate the passage 
of ions through channels within the cell 
membrane. Gates may be chemically 
regulated (hy neurotransmitters) or voltage 
regulated (in which case they open in 
response to a threshold level of 
depolarization). 353 

genetic recombination (jé-net ik re’’kom-bt- 
na‘shun) The formation of new 
combinations of genes, as by crossing-over 
between homologous chromosomes. 65 

genetic transcription (tran-skrip’shun) The 
process by which RNA is produced with a 
sequence of nucleotide bases that is 
complementary toa region of DNA. 54 

genetic translation (trans-la‘shun) The 
process by which proteins are produced with 
amino acid sequences specified by the 
sequence of codons in messenger RNA. 55 

gigantism (j:-gan‘tiz’’em) Abnormal body 
growth as a result of the excessive secretion 
of growth hormone. 173 

gingiva (jinji-va) The fleshy covering over 
the mandible and maxilla through which the 
teeth protrude within the mouth; also called 
the gum. 773 

gland = An organ that produces a specific 
substance or secretion. 

glans penis (glanz penis) The enlarged, 
sensitive, distal end of the penis. 856 

gliding joint =A type of synovial joint in which 
the articular surfaces are flat, permitting 
only side-to-side and back-and-forth 
movements. 228 

glomerular capsule (vlo-mer‘yi-lar) The 
double-walled proximal portion ofa renal 
tubule that encloses the glomerulus of a 
nephron; also called Bowman's capsule. 730 

glomerular filtration rate (GFR) = The volume 
of filtrate produced per minute by both 
kidneys. 733 

glomerular ultrafiltrate (ul ‘tra-fil‘trat) 
Fluid filtered through the glomerular 
capillanes into the glomerular capsule of the 
kidney tubules. 733 

glomerulonephritis (glo-mer’ yG-lo-né-fritis) 
Inflammation of the renal glomerult, 


associated with fluid retention, edema, 
hypertension, and the appearance of protein 
inthe urine. 759 
glomerulus (glo-mer’yi-lus) A coiled tuft of 
capillaries surrounded by the glomerular 
capsule that filtrates urine from the 
blood. 730 
glottis (glotis) A slitlike opening into the 
larynx, positioned between the true vocal 
cords. 687 
glucagon (gloo’ka-gon) A polypepude 
hormone secreted by the alpha cells of the 
pancreatic islets. It acts primarily on the 
liver to promote glycogenolysts and raise 
blood glucose levels. 531 
glucocorticoids (zloo’ko-korti-koid:) 
Steroid hormones secreted by the adrenal 
cortex (corticosteroids). They affect the 
metabolism of glucose, protein, and fat and 
also have antiinflammatory and 
immunosuppressive effects. The major 
glucocorticoid in humans is hydrocortisone 
(cortisol). 526 
gluconeogenesis (loo ‘ko-ne“%b-jen T-sis) 
The formation of glucose from 
noncarbohydrate molecules, such as amino 
acids and lactic acid. 82 
glycerol (ghis %-rol) A 3-carbon alcohol thar 
serves as a building block of fats. 32 
glycogen (¢likd-jen) A polysaccharide of 
glucose—also called animal starch—produced 
primarily in the liver and skeletal muscles. 
Similar to plant starch in composition, 
glycogen contains more highly branched 
chains of glucose subunits than does plant 
starch. 30 
Glycogenesis (vli“kv-jen‘1-sis) The 
formation of glycogen from glucose. 793 
glycogenolysis (yhiki-je-nolt-sis) The 
hydrolysis of glycogen to glucose 1- 
Phosphate, which can be converted to 
glucose 6-phosphate, which then may be 
oxidized via glycolysis or (in the liver) 
converted to free glucose. 793 
glycolysis (¢li“kol't-sis) The metabolic 
pathway that converts glucose to pyruvic 
acid; the final products are two molecules of 
Pyruvic acid and wo molecules of reduced 
NAD, with a net gain of two ATP 
molecules. In anaerobic respiration, the 
reduced NAD is oxidized by the conversion 
of pyruvic acid to lactic acid. In aerobic 
respiration, pyruvic acid enters the Krebs 
cycle in mitochondria and reduced NAD as 
ultimately oxidized to yield water. 79 
Glycosuria (eli kiy-soor’e-a) 


The excretion 
of an abnorm 


al amount of glucose in the 
urine (urine normally only cont 


amounts of glucose). 746 
gobletcell A unicellular Mucus-secreting 
gland that as associated with columnar 
epithelia; also called a mucous cell, 111 
Golgi apparatus (yu ye) A network of 
stacked, flattened membranous s 
the cytopl 


ains trace 


acs within 
asm of cells. Its mayor function ts 
te concentrate and package proteins for 
secretion from the cell. 58 
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Golgi tendon organ A sensory receptor found 
near the yunetion of tendons and 
muscles. 473 

gonad (gonad) A reproductive organ, testis 
or ovary, that produces gametes and sex 
hormones. 839 

gonadotropin hormones (go-nad’O-tro‘pin) 
Hormones of the anterior pituitary that 
stuumulate gonadal function—the formation 
of gametes and secretion of sex steroids. The 
two gonadotropins are FSH (follicle- 
sumulating hormone) and LH (lutemuzing 
hormone), which are essentially the same in 
males and females. 842 

graafian follicle (graf‘e-an) A mature 
ovarian follicle, containing a single fluid- 
filled cavity, with the ovum located toward 


one side of the follicle and perched on top of 


a hill of granulosa cells. 877 

granular leukocytes (low ‘ki-sitz) 
Leukocytes with granules in the cytoplasm; 
on the hasts of the staining properties of the 
granules, these cells are classified as 
neutrophils, eosinophils, or basophils. 553 

Graves’ disease =A hyperthyroid condition 
believed to be caused by excessive 
stimulation of the thyroid gland by 
autoantibodies; it ts associated with 
exophthalmos (bulging eyes), high pulse 
rate, high metabolic rate, and other 
symptoms of hyperthyroidism. 543 

gray matter The region of the central nervous 
system composed of nonmyelinated nerve 
tissue. 351 

greater omentum (0o-men‘tum) A double- 
layered peritoneal membrane that originates 
on the greater curvature of the stomach. It 
hangs inferiorly like an apron over the 
contents of the abdominal cavity. 767 

gross anatomy = The branch of anatomy 
concerned with structures of the body that 
can be studied without a microscope. 5 

growth hormone =A hormone secreted by the 
anterior pituitary that suimulates growth of 
the skeleton and sott tissues during the 
growing years and that influences the 
metabolism of protein, carbohydrate, and fat 
throughout lite. 519 

gustatory (gus ta-tor e) 
sense of taste. 474 

gut) The Gl tract ora portion thereof; 
penerally used in reference to the embryonic 
divestive tube, consisting of the foregut, 
midgut, and hindgut. 766 

gyrus (j1 rus) A convoluted elevation or 
ridge 383 


Pertaining to the 


H 

hale A threadlike appendage of the epidermis 
consisting of keratinized dead cells that 
have been pushed up from 4 dividing basal 
layer = 145 

halrcells  Specilieed receptor nerve endings 
for detecting sensations, such as in the spiral 
organ (organ of Com) 479 

hairfollicle (aol lik l) Acubolar depression 
in the dermis of the skin in which a hair 


develops. 145 
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hand The terminal portion of the upper 
extremity, containing the carpal bones, 
metacarpal bones, and phalanges. 206 

haploid (hap low) A cell that has one of 
each chromosome type and therefore half 
the number of Chromosomes present in most 
other body cells; only the gametes (sperm 
and ova) are haploid. 839 

haptens (hap tenz) 
nor antigenic by themselves, but which— 
when combined with proteins—become 
antigenic and thus capable of stimulating the 


Small molecules that are 


production of specific antibodies. 655 

hard palate (palit) The bony partition 
between the oral and nasal cavities, formed 
by the manillae and palatine bones and lined 
by mucous membrane. 771 

haustra (haws tra) Sacculations or pouches 
of the colon. 786 

haversian canal (ha-ver’shan) 
canal. 130 

haversian system See osteon. 167 

hay fever A seasonal type of allergic rhinits 
caused by pollen; itis characterized by 
inching and tearing of the eyes, swelling of 
the nasal mucosa, attacks of sneezing, and 
often by asthma. 677 

head = The uppermost portion of a human that 
contains the brain and major sense 
organs. 12 

heart A four-chambered, muscular pumping 
organ positioned in the thoracic cavity, 
slightly to the left of midline. 566 

heart murmur An auscultatory sound of 
cardiac or vascular origin, usually caused by 
an abnormal flow of blood in the heart as a 
result of structural detects of the valves or 
septum. 605 

helperT cells A subpopulation of T cells 
(lymphocytes) that helps to stumulate the 
antibody production of B lymphocytes by 
antigens. 668 

hematocrit (hi-mat‘O-krit) The ratio of 
packed red blood cells to total blood volume 
ina centrifuged sample of blood, expressed 


See central 


asapercentage. 551 

heme (hem) The iron-containing red 
pigment that, together with the protein 
globin, torms hemoglobin. 552 

hemoglobin (he mo-glo bin) The pigment 
of red blood cells constituting about 33% of 
the cell volume that transports oxygen and 
carbon dioxide. 552 

hemopolesis (hem @-pore’sis) The 
production ot red blood cells 554 

heparin (hep arin) 
found in many tssues, but most abundantly 


A mucopolysaccharide 


inthe lungs and liver, that is used medically 
asananticoagulant. 561 

hepatic duct (ht partk) A duct tormed from 
the fusion of several bile ducts that drain bile 
from the liver The hepatic duct merges with 
the « yotic duct trom the galll ladder to form 
the commen bile duct 790 

hepatic portal circulation The return of 
venous blood trom the digestive organs 
and spleen through a capillary network 
within the liver betore draining into the 
heart 595 


hepatitis (hep ‘a-t'tis) Inflammation of the 
liver. 803 

hepatopancreatic ampulla (hep ‘a-tw- 
pan“‘kre-at tk) A small, elevated area 
within the duodenum where the combined 
pancreatic and common bile duct empnies; 
also called the ampulla of Vater 781 

Hering-Breverreflex A retlex in which 
distension of the lungs stimulates stretch 
receptors, which in turn act to inhibit 
further distension of the lungs. 706 

hermaphrodite (her-maf ro-dic) An organism 
having both testes and ovaries. 863 

heterochromatin (het G-ro-kroma-tin) A 
condensed, inactive form of chromatin. 53 

hiatal hernia (hi-atalher'ne-a) A 
protrusion of an abdominal structure through 
the esophageal hiatus of the diaphragm into 
the thoracic cavity. 806 

hiatus An opening or fissure; a foramen. 

high-density lipoproteins (HDLs) (lip ’o- 
pro‘te-inz) Combinations of lipids and 
proteins that migrate rapidly to the bottom 
of atest tube during centrifugation. HDLs 
are carrier proteins for lipids, such as 
cholesterol, that appear to offer some 
protection from atherosclerosis. 608 

hilum (hilum) A concave or depressed area 
where vessels or nerves enter or exit an 
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organ; also called hilus. 691 

hinge joint A type of synovial articulation 
characterized by a convex surface of one 
bone fitting into a concave surface of 
another such that movement is confined to 
one plane, as in the knee or interphalangeal 
joint. 228 

histamine (his ‘ta-mén) 
by ussue mast cells and other connective 


A compound secreted 


ussue cells that stimulates vasodilation and 
increases capillary permeability. It as 
responsible for many of the symptoms of 
inflammation and allergy. 677 

histology (hi-stol®-ye) Microscopic anatomy 
of the structure and function of ussues. 107 

homeostasis (ho me-o-sta’sis) The dynamic 
constancy of the internal environment, the 
maintenance of which ts the principal 
function of physiological reyulatory 
mechanisms. The concept of homeostasis 
provides a tramework for understanding most 
physiological processes. 16 

homologous chromosomes = (hé-molo-yus) 
The matching pairs of chromosomes ina 
diplond cell 62 

horizontal (transverse) plane A directional 
plane that divides the body, organ, or 
appendage into superior and interior or 
proximal and distal portions. 11 

hormone (horimon) A chemical substance 
produced in an endocrine gland and secreted 
into the bloodstream to cause an effect ina 
specific targetorgan = 514 

humoral immunity (hyoo moral Finyoo'nt-te) 
The ton of acquired immunity in which 
antibody molecules are secreted in response 
to antigenic stimulation (as opposed to cell 
mediated ummunity); also called antuhody- 
mediated immunity 656 


rom Durr-e-Danish Library 


Glossary 


hyaline cartilage (hi v-lin) A cartilage with 
a homogeneous matax. [tts the most 
common type, occurring at the articular ends 
of bones, inthe trachea, and within the 
Nose, Most of the bones in the body are 
tormed from hyaline cartilage. 127 

hyaline membrane disease A disease alfecting 
Premature infants who lack pulmonary 
surfactant, itis characterized by collapse of 
the alveoli (atelectasis) and pulmonary 
edema; also called respiratory distress 
syndrome. 695 

hydrocortisone (hi Uro-kor'ti-san) The 
principal corticosterond hormone secreted by 
the adrenal cortex, with glucocorticoid 
action; also called cortisel, 527 

hydrophilic (hi dro-flik) Denoting 
substance that readily absorbs water; 
literally, “water loving.” 25 

hydrophobic (hi “dro-to bik) Denoung a 
substance that repels, and that is repelled by, 
water; “water fearing.” 25 

hymen (himen) A developmental remnant 
(vestige) of membranous tissue that partially 
covers the vaginal opening. 875 

hyperbaric oxygen (hi ‘per-bar ik) Oxygen 
£as present at greater than atmospheric 
pressure. 721 

hypercapnia (hi’‘per-kap‘ne-Aa) Excessive 
concentration of carbon dioxide in the 
blood. 705 

hyperextension (hi ‘per-ck-sten‘shun) 
Extension beyond the normal anatomical 
position or 1S0°. 233 

hyperglycemia (hi per-gli-se’me-a) An 
abnormally increased concentration of 
glucose in the blood. 98 

hyperkalemia (hi per-ki-le’me-a) An 
abnormally high concentration of potassium 
inthe blood. 103 

hyperopia (hi per-ope-’) A refractive 
disorder in which rays of light are brought to 
a focus behind the retina as a result of the 
eyeball being too short; also called 
farsightedness. 507 

hyperplasia (hi ‘per-pla zha) An increase in 
organ size due to an increase in cell numbers 
as a result of mitotic cell division (in 
contrast to hypertrophy). 64 

hyperpolarization (hi? per-po° lar-1-za shun) 
An increase in the negativity of the inside of 
acell membrane with respect to the resting 
membrane potential, 353 

hypersensitivity (hi per-sen’ si-tiv T-te) 
Another name tor allergy, abnormal immune 
response that may be nmmediite (due to 
antibodies of the IvE class) or delayed (due 
to cell-mediated unmunity). 677 

hypertension (hi per-ten shun) Elevated or 
excessive blood pressure. 640 

hypertonic (hi per-ton ik) Denoting a 
solution with a greater solute concentration 
and thus 4 greater osmotic pressure than 
plasma. 96 

hypertrophy (hi per trd-te) Growth of an 
organ due to an increase in the size of tts 
cells (in contrast to hyperplasia). 64 


hyperventilation (hi‘per-ven‘‘ti-la’shun) A 
Nigh rate and depth of breathing that results 
ina decrease in the blood carbon dioxide 
concentration to below normal. 705 

hypodermis (hi po-der'mis) A layer of fat 
beneath the dermis of the skin. 143 

hyponychium (hi'‘po-nike-um) A 
thickened, supportive layer of stratum 
corneum at the distal end of a digit under 
the tree edge of the nail. 147 

hypothalamic hormones (hi po-thal a-mik) 
Hormones produced by the hypothalamus. 
These include antidiuretic hormone and 
oxytocin, which are secreted by the posterior 
Pituitary, and both releasing and inhibiting 
hormones that regulate the secretions of the 
anterior pituitary. 523 

hypothalamo-hypophyseal portal system 
(hi po-fix ‘e-al) 
transports releasing and inhibiting hormones 
from the hypothalamus to the anterior 
pituitary. 521 

hypothalamo-hypophyseal tract. The tract of 


nerve fibers (axons) that transports 


A vascular system that 


antidiuretic hormone and oxytocin from the 
hypothalamus to the posterior pituitary. 521 

hypothalamus (hipo-thal’a-mus) A portion 
of the forebrain within the diencephalon 
that les below the thalamus, where it 
functions as an autonomic nerve center and 
regulates the pituitary gland. 391 

hypovolemic shock (hi ‘po-vo-le'mik) A 
rapid fall in blood pressure as a result of 
diminished blood volume. 642 

hypoxemia (hi ‘pok-se’me-4) A low oxygen 
concentration of the arterial blood. 706 


ileocecal valve (il’‘e-b-se‘kal) A 
modification of the mucosa at the yuncuon 
of the small and large intestine that forms a 
one-way passage and prevents the backflow 
of food materials. 781 

eum (il’e-um) The terminal portion of the 
small intestine between the yeyunum and 
cecum. 781 

immediate hypersensitivity (hi ‘per-sen‘‘s1- 
tiv i-te) Hypersensitivity (allergy) 
mediated by antibodies of the IgE class that 
results in the release of histamine and 
related compounds from tissue cells. 677 

immunization (im‘yu-ni-za’shun) The 
process of increasing one’s resistance to 
pathogens. In active mmunity a person is 
injected with anugens that simulate the 
development of clones of specific Boor T 
lymphocytes; in passive rmmunity a person ts 
injected with antibodies produced by 
another organism. 663 

Immunoassay (im yu-no-as’a) Anyota 
number of Laboratory or clinical techniques 
tharemploy the specittc binding between an 
anugen and its homologous antibody in 
order to entity and quanufy a substance in 
asample 655 

immunoglobulins (im) ya-no-glob yi-linz) 
Subclasses of the gamma globulin fraction of 
plasma proteins that have antibody functions, 
providing humoral immunity. 657 


immunosurveillance (1m ya-no-ser-va lens) 
The concept that the immune system 
recognizes and attacks malignant cells that 
produce antigens not recognized as “self. 
This function ts believed to be cell mediated 
rather than humoral. 674 

implantation (im ‘plan-ta shun) The process 
by which a blastocyst attaches itself to and 

penetrates into the endometrium of the 
uterus. 903 

incus (ing‘kus) The middle of three auditory 
ossicles within the middle-ear chamber; 
commonly called the anvil. 483 

interior venacava (ve nikava) A large 
systemic vein that collects blood from the 
body regions inferior to the level of the heart 
and returns eto the mghe atrium. — 592 

infundibulum) (in‘‘fun-dibyi-lum) The stalk 
that attaches the pituitary gland to the 
hypothalamus of the brain. 519 ; 

ingestion (in-jes‘chun) The process of ; 
taking food or liquid into the body by way of 
the oral cavity. 766 

inguinal (ing gwi-nal) 
groin region, 

inguinal canal) The circular passageway in the 
abdominal wall through which a testis 
descends into the scrotum. 841 

Inhibin (in-hib'in) A polypeptide hormone 
secreted by the testes that 1s believed to 
specifically exert nezative feedback 
inhibition of FSH secretion from the 
anterior pituitary. 842 

inositol (i-no'st-tol) A sugarlike B-complex 
vitamin. Inositol triphosphate is believed to 
act. as a second messenger in the action of 
some hormones. 537 

Insertion The more movable attachment of a 
muscle, usually more distal. 255 

inspiration (in’’spi-ra’shun) The act of 
breathing air into the alveol: of the lungs; 
also called mhalauon, 695 

insula (in’si-la) A deep, paired cerebral 
lobe. 

insulin (in‘’st-lin) A polypeptide hormone 
secreted by the beta cells of the pancreatic 
islets that promotes the anabolism of 
carbohydrates, fat, and protein. Insulin acts 
to promote the cellular uptake of blood 
glucose and, theretore, to lower the blood 
glucose concentration; insulin deficiency 
results in hyperglycemia and diabetes 
mellitus. 531 

integument (in-tegyoo-ment) ~The skin; the 
largest organ of the body. 138 

intercalated disc (in-ter‘ka-lat-ed) A 
thickened portion of the sarcolemma that 
extends across a cardiac muscle fiber, 
indicating the boundary between cells. 131 

intercellular substance (in ‘ter-selyu-lar) 
The matrix or material between cells that 
largely determines Ussue types 107 

Interferons (in ter-ter onz) A group of small 
proteins that inhibit the muluplication of 
Viruses inside host cells and that also have 
abUtumor properties. 654 

Internal (deep) Toward the center, away 
trom the surtace of the body. 12 


Pertaining to the 
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internalear The innermost Portion or 
chamber of the ear, containing the cochlea 
and the vestibular organs. 483 

interneurons (in ter-noor’onz) Mulupolar 
Neurons interposed between sensory 
(afferent) and motor (efferent) neurons and 
confined entirely within the central nervous 
system; also called association neurons. 347 

interoceptors (in ‘ter-o-sep‘torz) Sensory 
receptors that respond to changes in the 
internal environment (as opposed to 
exteroceptors) 465 

interphase The interval between successive 
cell divisions, during which time the 
chromosomes are inan extended stare and 
are active in directing RNA synthesis. 63 

interstitial cells (in ter-stish“al) Cells 
located in the interstitial tissue between 
adjacent convolutions of the seminiferous 
tubules of the Lestes; they secrete androgens 
(mainly testosterone); also called cells of 
Leydig 848 

intervertebral disc (in ter-ver'té-bral) A 
pad of fibrocartilage located between the 
hodies of adjacent vertebrae. 194 

intestinal crypt 
gland opening onto the surtace of the 


A simple tubular digestive 


intestinal mucosa that secretes digestive 
enzymes; also called the crypt of 
Lieberkithn. 782 

intrafusal fibers (in ‘tra-fyoo’sal) Modified 
muscle fibers that are encapsulated to form 
muscle spindle organs, which are muscle 
stretch receptors. 471 

intramembranous ossification Sce 
membranous bone. 163 

intrapleural space (in‘tri-ploor’al) An 
actual or potential space between the 
visceral pleural membrane covering the 
lungs and the somatic pleural membrane 
lining the thoracic wall. 693 

intrinsic (in-trin’uk) Situated within or 
pertaiming to internal origin, 

inulin (inyi-lin) A polysaccharide of 
fructose, produced by certain plants, that ts 
filtered by the human kidneys but neither 
reabsorbed nor secreted. The clearance rate 
of inyected insulin ts thus used to measure 
the ylomerular filtration rate. 742 

inversion (in-ver chun) =A movement of the 
foot in which the sole is turned inward. 
235 

in vitro (in ve tro) 
body, ina test cube or other artificial 


Occurring outside the 


environment. 257 

invivo (inve’vo) Occurring within the 
hody. 257 

jon (von) An atom or group of atoms that has 
eather lost or pained electrons and thus has a 
net postive or.anet negative Charge. 24 

fonization (:-on-t-ca’shun) The dissociation 
obasolute toform tans, 26 

ipsilateral (ip silat cral) On the same side 
(as opposed to contralateral), 438 

IPSP Inhibitory postsynaptic potential, 
hyperpolanzation of the postsynaptic 
membrane in response toa particular 
neurotransmitter chemical, which makes 1 
more difficult for the postsynaptic cell to 
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attain a threshold level of depolarization 
required to produc © achion pe nentials. [tis 
responsible for postsynaptic inhibition. — 366 
iris (iris) The przmented portion of the 
vascular tunic of the eye that surrounds the 
puptl and regulates its diameter. 492 
ischemia (i-skeme-3) A rate of blood flow 
toan organ that ts inadequate to supply 
sufficrent oxygen and maintain acrobic 
respiration in that organ. 82 
islets of Langerhans (1 ‘letz of lang ‘er-hanz) 
See pancreatic tslets. 794 
isoenzymes (1 so-en‘zimz) 
produced by different organs, that catalyze 


Enzymes, usually 


the same reaction but that differ from each 
other in amino acid composition. — 72 

isometric contraction (1°’so-met‘rik) Muscle 
contraction in which there 1s no apprectable 
shortening of the muscle. 260 

isotonic contraction (i‘‘si-ton tk) Muscle 
contraction in which the muscle shortens in 
length and maintains approximately the 
same amount of tension throughout the 
shortening process. 259 

isotonic solution =A solution having the same 
total solute concentration, osmolality, and 
osmotic pressure as the solution with which 
itis compared; a solution with the same 
solute concentration and osmotic pressure as 
plasma. 96 

isthmus (is‘mus) A narrow neck or portion 
of tissue Connecting two structures. 


J 


jaundice (jawn’dis) A condition 
characterized by high blood bilirubin levels 
and staining of the tissues with bilirubin, 
which imparts a yellow color to the skin and 
mucous membranes. 806 

jejunum (j&-joonum) The middle portion of 
the small intestine, located between the 
duodenum and the ileum. 781 

joint capsule = The fibrous ussue that encloses 
the yornt cavity of a synovial yoint. 227 


keratin (kera-tin) An insoluble protein 
present in the epidermis and in epidermal 
derivatives, such as hair and nails. | 113 

ketoacidosis (ke to-a-si-do‘sis) A type of 
metabolic acidosis resulting from the 
excessive production of ketone bodies, as in 
diabetes mellitus. 33 

ketogenesis (ke ‘to-jenT-sis) The 
production of ketone bodies. 793 

ketone bodies (ke tan) The substances 
denved from tatty acids via acetyl coenzyme 
Ainthe liver; namely, acetone, acetoaceuc 
acid, and P-hydroxyburyric acid) Ketone 
bodies are oxidized by skeletal muscles for 
energy 32 

ketosis (ke-to'sis) 


the blood concentration of Ketone bodies that 


An abnormal elevation in 


does not necessarily pr nduce acidosis, 33 

kidney (hid’ne) One of a parrot organs of 
the urinary system that contains nephrons 
and that filters wastes trom the blood in the 
formation of urine. 725 


kilocalorie (kil-kalO-re) A unit of 
measurement equal to L000 calories, which 
are units of heat (a kilocalorie ts the amount 
of heat required to raise the temperature of | 
kilogram of water by | C®). In nutrition, the 
kilocalore is called a big calorie 
(Calorie). 812 

kinesiology (ki-ne ‘se-olD-je) ~The study of 
body movement. 224 

Klinefelter’s syndrome 9 (klin-fel-terz sin‘drom) 
An abnormal condition of male sex 
characteristics due to the presence of an 
extra X chromosome (genotype XXY). 863 

knee A remoninthe lower extremity between 
the thigh and the leg that contains a 
synovial hinge joint. 15 

Krebs cycle (krehz) A cyclic metabolic 
pathway in the matrix of mitochondria by 
which the acetic acid part of acetyl CoA ts 
oxidized and substrates provided for 
reactions that are coupled to the formation 
of ATP. 83 

Kupffercells (koop fer) 
lining the sinusoids of the liver that are part 


Phagocytic cells 


of the body immunity system. 789 


L 


labial frenulum = (la‘be-al fren’yii-lum) =A 
longitudinal fold of mucous membrane that 
attaches the lips to the gum along the midline 
of both the upper and lower lip. 770 

labia majora (la be-’ mA-jor’d), sing. labrum 
mayus A portion of the external genitalia of 
a female consisting of two longitudinal folds 
of skin extending downward and backward 
from the mons pubis. 876 

labia minora (mi-nor’a), sing. labium minus 
Two small folds of skin, deword of hair and 
sweat glands, lying between the labia mayor 
of the external genitalia of a female. 876 

labyrinth (labi-rinth) An intricate structure 
consisting of interconnecting passages (e.g., 
the bony and membranous labyrinths of the 
inner ear. 478 

lacrimal canaliculus (lak ‘ri-mal kan’ %- 
lik‘ya-lus) A drainage duct for tears, 
located at the medial corner of an eyelid. It 
conveys the tears medially into the 
nasolacrimal sac. 491 

lacrimal gland =A tear-secreting gland, located 
on the superior lateral portion of the eyeball 
underneath the upper eyelid. 490 

lactation (lak-ta’shun) The production 
and secretion of milk by the mammary 
glands. 887 

lacteal (lak te-al) A small lymphatic duct 
associated with a villus of the small 
intestine. 782 

lactose (lak tos) | Milk sugar; a disaccharide 
of glucose and galactose. 30 

lactose intolerance =A disorder resuluing in 
the inability to digest lactose because of an 
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enzyme, lac tase, deficrenc y Sy Mptoms 
include bloating, intestinal gas, nausea, 
diarthea, and cramps. 783 

lacuna (la-kyoo'ni) A small, hollow 
chamber that houses an osteocyte in mature 
bone tissue or a chondrocyte in cartilage 
tissue. 130 
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lambdoidal suture (lam ‘dow-al soo chur) The 
mmovable joint in the skull between the 
parietal bones and the occipital bone. 185 

lamella (la-mela) A concentne rng of 
matrix surrounding the central canal in an 
osreon of mature bone tissue. 167 

lamellated corpuscle (lam %-la-ted) A 
sensory receptor for pressure, found in 
tendons, around joints, and in visceral 
organs; also called a pacintan corpuscle. 467 

lamina (lam i-nd) A thin plate of bone that 
extends supernorly from the body of a 
vertebra to form either side of the arch of a 
vertebra, 194 

lanugo (l8-noo’go) Short, silky fetal hair, 
which may he present for a short time ona 
Premature infant. 146 

large intestine The last major portion of the 
GI tract, consisting of the cecum, colon, 
rectum, and anal canal. 784 

laryngopharynx $(la-ring ‘go-far‘ingks) The 
inferior or lower portion of the pharynx in 
contact with the larynx. 686 

larynx (lar‘ingks) The structure located 
between the pharynx and trachea that 
houses the vocal cords; commonly called the 
voice box. 687 

lateral (lat‘cr-al) Pertaining to the side; 
farther from the midplane. 12 

lateral ventricle (ven‘tri-k'l) A cavity 
within the cerebral hemisphere of the brain 
that as filled with cerebrospinal fluid. 398 

L-dopa)  Levodopa; a derivative of the amino 
acid tyrosine. It serves as the precursor for the 
neurotransmitter Molecule dopamine and 1s 
given to patients with Parkinson's disease to 
stimulate dopamine production. 352 

leg) The portion of the lower extremity 
between the knee and ankle. 213 

Jens (lenz) A transparent refractive organ of 
the eye positioned posterior to the pupil and 
iris. 492 

lesion (le “zhun) 
area. 150 

lesser omentum (o-men‘tum) A peritoneal 
fold of tissue extending from the lesser 
curvature of the stomach to the liver. 767 

leukocyte (loo ko-sit) A white blood cell; 
variant spelling, leucocyte. 553 

ligament (liy‘a-ment) A tough cord or 
{yhrous band of connective tissue that binds 
bone to bone to strengthen and provide 
flearbiliry toa joint. It also may support 
viscera. 122 

limbic system (lim‘bik) A portion of the 
brain concerned with emotions and 
autonomic activity. 460 

linea alba (lin’e-aal’ba) A vertical fibrous 
band extending down the anterior medial 
portion af the abdominal wall. 29] 

lingual frenulum (ling gwal fren’yu-lum) A 
longitudinal fold of mucous membrane that 
attaches the tongue to the floor of the oral 
cavity. 771 

Mpogenesis (lip yen &-sis) 
of fatorcnglycerides. 793 


A wounded or damaged 


The formation 


lipolysis (li-pol't-sis) The hydrolysis of 
triglycerides into free fatty acids and 
glycerol. S18 

liver A large visceral organ inferior to the 
diaphragm in the right hypochondriac 
region. The liver detoxifies the blood and 
modifies the blood plasma concentration of 
glucose, triglycerides, ketone bodies, and 
Proteins. 788 

low-density lipoproteins (LDLs) (lip ’‘o- 
prote-inz) Plasma proteins that transport 
triglycerides and cholesterol. They 
are helieved to contribute to 
arteriosclerosis, 606 

lower extremity A lower appendage, including 
the hip, thigh, knee, leg, and foot. 

lumbar (lum‘bar) Pertaining to the region of 
the loins. 12 

lumbar plexus (plek’sus) A network of 
nerves formed by the anterior branches of 
spinal nerves LI through L4. 432 

lumen (loo’men) The space within a 
tubular structure through which a substance 
passes. 109 

lung) One of the two major organs of respiration 
positioned within the thoracic cavity on 
either side of the mediastinum. 690 

lung surfactant (sur-fak tant) A mixture of 
lipoprotems (containing phospholipids) 
secreted by type IP alveolar cells into the 
alveoli of the lungs. It lowers surface tension 
and prevents collapse of the lungs as occurs 
in hyaline membrane disease, in which 
surfactant is absent. 694 

lunula (loo’nyoo-l4) The half-moon-shaped 
whitish area at the proximal portion of a 
nail. 147 

luteinizing hormone (LH) (loo‘te-i-ni’ zing) 
A hormone secreted by the adenohypophysis 
(anterior lobe) of the pituitary gland that 
stimulates ovulation and the secretion of 
progesterone by the corpus luteum. It also 
influences mammary gland milk secretion in 
females and stimulates testosterone secretion 
by the testes in males. 520 

lymph (limf) A clear, plasmalike fluid that 
flows through lymphatic vessels. 

lymphatic system (lim-far‘ik) ~The lymphatic 
vessels and lymph nodes. 618 

lymph node =A small, ovoid mass of reticular 
tussue located along the course of lymph 
vessels. 649 

lymphocyte (lim‘fo-sit) A type of white 
blood cell characterized by agranular 
cytoplasm. Lymphocytes usually constitute 
about 20% to 25% of the white blood cell 
count, 553 

lymphokines (lim‘ti-kins) A group of 
chemicals released from T cells that 
contribute to cell-mediated immunity, 669 

lysosomes (11 si-somz) 
containing digestive enzymes and 
responsible for intracellular digestion, 48 


Organelles 


macromolecules (mak ‘‘ro-mul T-kyoolz) 
Large molecules; a term that usually refers to 


protein, RNA, and DNA. 


macrophage (mak‘rd-faj) A wandering 


phagocytic cell. 651 

macula lutea (mak ‘yi-la loo ‘te-4) A 
yellowish depression in the retina of the eye 
that contains the fovea centralis, the area of 
keenest viston. 500 

malignant Threatening to life; virulent. Of 
a tumor, cancerous, tending to 
metastasize. 674 

malleus (mal’c-us) The first of three auditory 
ossicles that attaches to the tympanum; 
commonly called the hammer. 483 

mammary gland (mam‘er-e) The gland of the 
female breast responsible for lactauon and 
nourishment of the young. 886 

marrow (mar‘o) The soft connective Ussue 
found within the inner cavity of certain 
hones that produces red blood cells. 165 

mast cell A type of connective tissue cell that 
produces and secretes histamine and heparin 
and promotes local inflammation. 122 

mastication (mas‘‘t1-ka’shun) The chewing 
of food. 766 

matrix (ma‘triks) 
ofatissue. 121 

maximal oxygen uptake §9=The maximum amount 
of oxygen that can be consumed by the body 
per unit ume during heavy exercise. 271 

meatus (me-a‘tus) A passageway or opening 
into a structure. 685 

mechanoreceptor (mek’‘i-no-re-sep’tor) A 
sensory receptor that responds to a 
mechanical stimulus. 465 

medial (me‘de-al) Toward or closer to the 
midplane of the body. 12 

mediastinum (me‘‘de-4-stiinum) The 
partition in the center of the thorax between 
the two pleural cavities. 15 

medulla (mé-dul’@) The center portion of an 
organ. 

medulla oblongata (ob ‘long-gata) A 
portion of the brain stem located between 
the spinal cord and the pons. 394 

medullary (marrow) cavity (med‘l-er’‘e) The 
hollow core of the diaphysis of a long bone 
in which marrow is found. 165 

megakaryocyte (meg ‘a-kar‘e-o-sit) 
marrow cell that gives mse to blood 
platelets. 553 

meiosis (mi-o’sis) A specialized type of cell 
division by which gametes or haploid sex 
cells are formed. 62 

Meissner's corpuscle (mis‘nerz) See 
corpuscle of touch. 467 

melanin (mel‘a-nin) A dark pigment found 
within the epidermis or epidermal 
derivatives of the skin. 140 

melanocyte (mela-no-sit) A specialized 
melanin-producing cell found in the deepest 
layer of the epidermis. 138 

melanoma (mel ‘A-no'ma) A dark, 
mahiynant tumor of the skin that frequently 
forms in moles. 143 

melatonin (mel A-to‘nin) A hormone 
secreted by the pineal gland that produces 
lightening of the skin in lower vertebrates 
and that may contribute to the regulation of 
gonadal function in mammals, Secretion 
follows a circadian rhythm and peaks at 
night. 532 


The intercellular substance 


A bone 
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membrane potential The potential difference 
or voltage that exists between the inner and 
outer sides of a cell membrane. It exists in 
all cells but is capable of being changed by 
excicable cells (neurons and muscle 
cells). 102 

membranous bone (mem/‘bri-nus) Bone that 
forms from membranous connective tissue 
rather than trom cartilage. 163 

membranous labyrinth (lab‘i-rinth) A 
system of Communicating sacs and ducts 
within the bony labyrinth of the inner ear 
that includes the cochlea and vestibular 
apparatus. It is filled with endolymph and 
surrounded by perilymph and bone. 478 

menarche (mi-nar’ke) 
discharge. 843 

Méniére's disease (man-yarz’) Deafness, 
unnitus, and vertigo resulting from a 
disorder of the labyrinth. 506 

meninges (mé-ninyéz), sing. meninx A group 
of three fibrous membranes covering the 
central nervous system, composed of the dura 
mater, arachnoid mater, and pia mater. 396 

menisci (mé-nis'ke) Wedge-shaped 
fibrocartilages in certain synovial joints. 227 

Menopause (men-pawz) The period 
marked by the cessation of menstrual periods 
in the human female. 885 

menstrual cycle (men‘stroo-al) The rhythmic 
female reproductive cycle, characterized by 
changes in hormone levels and physical 
changes in the uterine lining. 881 

menstruation (men ‘‘stroo-a’shun) The 
discharge ot blood and tissue from the uterus 
at the end of the menstrual cycle. 884 

mesencephalic aqueduct (mez ‘en-sé-fal ‘ik 
ak‘we-dukt) The channel that connects 
the third and fourth ventricles of the brain; 
also called the aqueduct of Syluius. 398 

mesencephalon (mes‘‘en-sef‘a-lon) The 
midbrain, which contains the corpora 
quadrigemina and the cerebral 
peduncles. 392 

mesenchyme (mez‘en-kim) An embryonic 
connective Ussue that can migrate, and from 


The first menstrual 


which all connective tissues arise. 121 
mesenteric patches (mes ‘en-terik) Clusters 
of lymph nodes on the walls of the small 
intestine: also called Peyer's patches 650 
mesentery (mes‘en-tere) A foldof 
peritoneal membrane that attaches an 
abdominal organ to the abdominal wall. 117 
mesoderm The middle ane of 
the three primary verm layers. 904 
mesothelium (mes O-the lum) A simple 
squamous epithelial tissue that lines hody 


(mes }-derm) 


cavities and covers visceral organs; also 
called serosa 110 

mesovarium (mes O-vare-um) The 
peritoneal told that attaches an ovary to the 
broad ligament of the uterus. 877 

messenger RNA (mRNA) A ctype of RNA that 
contains a base sequence Complementary to 
a parrot the DNA that specities the 
synthesis of a particular protein 54 

metabolism (mé-tab G liz-em) The sum total 
oft the chemical chanyes that occur within a 
cell. 79 


Downloaded 


metacarpus (met’’a-kar‘pus) The region of 
the hand between the wrist and the phalanges, 
including the five metacarpal hones that 
support the palm of the hand. 208 

metarteriole (met’‘ar-ur’e-dl) A small blood 
vessel that emerges from an arteriole, Passes 
through a capillary network, and empties 
intoavenule. 581 

metastasis (me-tas‘ta-sis) The spread of a 
disease from one organ or body part to 
another. 674 

metatarsus (met ‘a-tar’sus) The region of 
the toot between the ankle and the 
phalanges that includes the five metatarsal 
bones. 216 

metencephalon (met’‘en-sef‘a-lon) The 
Most superior portion of the hindbrain that 
contains the cerebellum and the pons. 393 

micelles (mi-selz’) Colloidal particles 
formed by the aggregation of many 
molecules. 34 

microglia (mi-krog‘le-A) Small phagocytic 
cells found in the central nervous 
system. 348 

microvilli, (mi‘*kro-vili) Macroscopic 
hairlike projections of cell membranes on 
certain epithelial cells. 46 

micturition (mik“‘tu-rish’un) The process of 
voiding urine; also called urination. 755 

midbrain The portion of the brain between 
the pons and the forebrain. 392 

middle ear The middle of the three portions of 
the ear that contains the three auditory 
ossicles. 483 

midsagittal plane (mid-saj‘t-tal) A plane 
that divides the body into equal right and 
left halves; also called the median plane or 
midplane. 11 

mineralocorticoids (min ‘‘er-al-o-kor’t1-koidz) 
Steroid hormones of the adrenal cortex 
(corticosteroids) that regulate electrolyte 
balance. 526 

mitochondria (mi‘‘td-kon ‘dre-a), sing. 
mitochondrion Cytoplasmic organelles that 
serve as sites for the production of most of 
the cellular energy; the so-called 
powerhouses of the cell. 49 

mitosis (mi-to’sis) The process of cell 
division that results in two identical 
daughter cells, containing the same number 
of chromosomes. 61 

mitral valve (mitral) The left 
atrioventricular heart valve; also called the 
bicuspid valve. 569 

mixed nerve A nerve that contains both 
motor and sensory nerve fibers. 347 

molal (mo lal) Pertaining to the number of 
moles of solute per kilogram of solvent. 95 

molar (mo lar) 
moles of solute per liter of solution. 95 

mole (mol) 
chemical that is equal to ats formula weight 


Pertaining to the number of 
The number ot grams ot a 


(atomic weight tor an element or molecular 
weight fora compound), 95 

monoclonal antibodies (mon &-klon ‘al an‘u- 
bod @2) Identical antibodies derived trom 
a clone of genetically identical plasma 
cells 666 


Monocyte (mon‘o-sit) A phagocytic type of 
white blood cell, normally constituting 
about 3% to 8% of the white blood cell 
count. 553 

monomer (mon‘d-mer) A single molecular 
unit of a longer, more complex molecule. 
Monomers are joined together to form 
dimers, trimers, and polymers; the hydrolysis 
of polymers eventually yields separate 
monomers. 765 

monosaccharide (mon ‘b-sak“a-rid) The 
monomer of the more complex 
carbohydrates, examples of which include 
glucose, fructose, and galactose; also called a 
simple sugar. 29 

mons pubis (monz pyoo'bis) A fatty tissue 
pad covering the symphysis pubis and 
covered by pubic hair in the female. 876 

morula (mor yu-la) An early stage of 
embryonic development characterized by a 
solid ball of cells. 902 

motile (mort‘l), mo‘til) Capable of self- 
propelled movement. 

motor area) A region of the cerebral cortex 
from which motor impulses to muscles or 
glands orginate. 388 

motornerve A nerve composed of motor 
nerve fibers. 347 

motor neuron (noor’on) A nerve cell thar 
conducts action potentials away from the 
central nervous system and innervates 
effector organs (muscle and glands). It forms 
the anterior roots of the spinal nerves; also 
called an efferent neuron. 346 

motorunit A single motor neuron and the 
muscle fibers it innervates. 260 

mucosa (myoo-ko’si) A mucous membrane 
that lines cavities and tracts opening to the 
exterior, 113 

mucous cell (myoo’kus) See goblet cell. 111 

mucous membrane A thin sheet consisting of 
layers of visceral organs that include the lining 
epithelium, submucosal connective tissue, and 
(in some cases) a thin layer of smooth muscle 
(the muscularis mucosa). 116 

multipolar neuron =A nerve cell with many 
Processes originating from the cell body. 347 

muscle (mus‘el) A mayor type of tissue 
adapted to contract. The three kinds of muscle 
are cardiac, smooth, and skeletal. 130 

muscle spindles Sensory organs within 
skeletal muscles composed of intrafusal 
fibers. They are sensitive to muscle stretch 
and provide a length detector within 
muscles. 47] 

muscularis (mus kyo-latis) A muscular 
layer or tunic of an organ, composed of 
smooth muscle tissue. 753 

myelencephalon (ii @-len-set a-lon) 
posterior portion of the hindbrain that 
contains the medulla oblongata. 394 

myelin (mi @-lin) A lipoprotein material that 
forms a sheathlike covering around nerve 
fibers. 
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myelin sheath =A sheath surrounding axons 
formed by successive w rappings of a 
nevroghial cell membrane. Myelin sheaths 
are formed by neurolemmacytes in the 
peripheral nervous system and by 
oligodendrocytes within the central nervous 
system. 349 

myenteric plexus (mi ‘en-ter tk plek’sus) A 
network of sympathetic and parasympathetic 
nerve tibers located in the muscularis tunic 
of the small intestine; also called the plexus 
of Auerbach 769 

myocardial infarction (mi ‘%-kar‘de-al in- 
fark’shun) An area of necrotic tissue in the 
myocardium that ays tilled in by scar 
(connective) tissue. 608 

myocardium (mi }-kar de-um) 
muscle layer ot the heart. 566 

myofibril (mi O-tebril) A bundle of 
contractile tthers within muscle cells. 260 

myogenic (mi H-jentk) Originating within 
muscle cells; used to describe self-excitation 
by cardiac and smooth muscle cells. 275 

myoglobin (mi -glo'bin) A molecule 
composed ot globin protein and heme 
pigment. [tas related to hemoglobin but 
contains only one subunit (instead of the 
four in hemoglobin) and ts found in skeletal 


The cardiac 


and cardiac muscle cells where it serves to 

store oxygen. 272 

myogram (mid-gram) A recording of 
electrical activity within a muscle. 318 

myology (mi-ol Oye) The science or study of 
muscle structure and function. 281 

myometrium (mi ‘o-me tre-um) The layer or 
tunic of smooth muscle within the uterine 
wall. 874 

myoneural junction (mi %-noor‘al) The site 
of contact between an axon of a motor 
neuron anda muscle fiber. 358 

myopia (mi-ope-a) A visual defect in which 
objects may be seen distinctly only when 
very close to the eyes; also called 
nearsightedness. 507 

myosin (mid-sin) A thick myofilament 
protein that together with actin causes 
muscle contraction. 263 

myxedema (mik’‘si-de’ma) A type of edema 
associated with hypothyroidism. It as 
characterized by the accumulation of 
mucoproteins in tissue fluid. 543 


WAD Nicotinamide adenine dinucleotide; a 
coenzyme derived from niacin that helps to 
transport electrons from the Krebs cycle to 
the electron-transport chain within 
mitochondna. 78 

nall. A hardened, keratinized plate that 
develops from the epidermis and forms 4 
protective covering on the surface of the 
distal phalanges of fingers and toes. 146 

naloxone (nal‘ok-son, na-lok’son) A drug 
that antagonizes the effects of morphine and 
endorphins. 367 

nasal cavity (na‘zal) A mucosa-lined space 
above the oral cavity, divided by a nasal 
septum. It is the first chamber of the 
respiratory system. 654 
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nasal concha (kong ka) A scroll-like bone 
extending medially from the lateral wall of 
the nasal cavity; also called a turbinate 
bone. 189 

Nasal septum (septum) A bony and 
cartilaginous partition that separates the 
nasal cavity into two portions. 684 

MNasopharynx (na zo-tar‘ingks) The first or 
uppermost chamber of the pharynx, 
positioned posterior to the nasal cavity and 
extending down to the soft palate. 684 

Natriuretic (na°tri-yoou-ret ik) An agent 
that promotes the excretion of sodium in the 
urine. Atrial natriuretic hormone has this 
effect. 749 

neck = 1. Any constricted portion, such as the 
neck of an organ. 2. The cervical region of 
the body between the head and thorax. 

necrosis (né-kro’sis) Cellular death or tissue 
death due to disease or trauma. 12 

negative feedback A mechanism in the body 
for maintaining a state of internal constancy, 
or homeostasis; effectors are activated by 
changes in the internal environment, and 
the actions of the effectors serve to 
counteract these changes and maintain a 
state of balance. 17 

neonatal (ne‘o-na‘tal) The stage of life 
from birth to the end of 4 weeks. 

neoplasm (ne%-plazm) A new, abnormal 
growth of tissue, asin atumor. 151 

nephron (nef‘ron) The functional unit of the 
kidney, consisting of a glomerulus, convoluted 
tubules, and a nephron loop. 730 

nerve A bundle of nerve fibers outside the 
central nervous system. 347 

neurilemma (noor’‘i-lem’a) A thin, 
membranous covering surrounding the 
myelin sheath of a nerve fiber. 349 

neurofibrilnode A gap in the myelin sheath 
of a nerve fiber; also called a node of 
Ranvier, 350 

Neuroglia (noo-rog‘le-A) Specialized 
supportive cells of the central nervous 
system. 345 

neurohypophysis (noor’’o-hi-pof‘I-sis) The 
posterior lobe of the pituitary gland derived 
from the brain. Its major secretions include 
antidiuretic hormone (ADH), also called 
vasopressin, and oxytocin, produced in the 
hypothalamus. 519 

neurolemmocyte (noor’‘d-lemd-sit) A 
specialized neuroglia cell that surrounds an 
axon fiber of a peripheral nerve and forms 
the neurilemmal sheath; also called a 
Schwann cell. 348 

neuron (noor’on) The structural and 
functional unit of the nervous system, 
composed of a cell body, dendrites, and an 
axon; also called a nerve cell, 345 

neurotransmitter (noor’‘o-trans’mier) A 
chemical contained in synaptic vesicles in 
nerve endings that ts released into the 
synapnie clett, where it stimulates the 
production of eather excitatory or inhibitory 
postsynaptic potentials, 358 

Neutrons (noo tronz) Electrically neutral 
particles that exist together with positively 
charged protons in the nucleus of atoms. 22 


neutrophil (noo trd-fil) A type of phagocytic 
white blood cell, normally consututing 
about 60% to 70% of the white blood cell 
count. 553 

nexus (nek’sus) A bond between members of 
a group, the type of bonds present in single- 
unit smooth muscles. 754 

nidation (ni-da‘shun) Implantation of the 
blastocyst into the endometrium of the 
uterus. 903 

nipple A dark pigmented, rounded projection 
atthe up of the breast. 58/ 

NissIl bodies (nisl) See chre »matophilic 
substances. 345 

node of Ranvier (ran ‘ve-a) 
node. 350 

norepinephrine (nor ‘ep-T-nef‘tin) A 
catecholamine released as a neurotransmitter 
from postganglionic sympatheuc nerve 
endings and as a hormone (together with 
epinephrine) from the adrenal medulla. 528 

notochord (no‘to-kord) A flexible rod of 
tissue that extends the length of the back of 
anembryo. 913 

nucleolus (noo-kle‘-lus) A dark-staining 
area within a cell nucleus; the site where 
ribosomal RNA is produced. 53 

nucleoplasm (noo ‘klezo-plaz’‘em) The 
protoplasmic contents of the nucleus of a 
cell. 54 

nucleotide (now ’kle-o-tid) ~The subunit of 
DNA and RNA macromolecules. Each 
nucleotide is composed of a nitrogenous base 
(adenine, guanine, cytosine, and thymine or 
uracil); a sugar (deoxyribose or ribose); and a 
phosphate group. 51 

nucleus (now kle-us) A spheroid body within 
a cell that contains the genetic factors of the 
cell. 50 

nucleus pulposus (pul-po’sus) — The soft, 
pulpy core of an intervertebral disc; a 
remnant of the notochord. 7 

nystagmus (ni-stagy’mus) Involuntary 
oscillary movements of the eye. 48] 


See neurofibril 
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obese (o-bés’) Excessively fat. 812 


olfactory (ol-fak’to-re) Pertaining to the 
sense of smell. 477 


olfactory bulb An aggregation of sensory 
neurons of an olfactory nerve, lying inferior 
to the frontal lobe of the cerebrum on either 
lateral side of the crista galli of the ethmoud 
bone. 420 

olfactory tract) The olfactory sensory tract of 
axons that conveys impulses from the 
olfactory bulb to the olfactory portion of the 
cerebral cortex. 420 

oligodendrocyte (ol’‘t-go-den“dro-sit) A 
type of neuroghial cell concerned with the 
formation of the myelin of nerve fibers 
within the central nervous system. 348 

oncology (on-kolD-je) The study of 
tumors. 674 

oncotic pressure (on-kot ik) The colloid 
osmotic pressure of solutions produced by 
proteins. In plasma, it serves to 
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counterbalance the outward filer 
fluid from capillaries due to 
Pressure. 617 
oocyte (oO %-sit) A developing egy cell. 
oogenesis (06 %-jen%sis) The Process of 
female gamete formation, 877 
opsonization (op ’si-nt-za shun) 


z 


ation of 
hydrost atic 


The process 
by which antibodies enhance the ability of 


Phagocytic cells to attack hacterta. 660 

optic (op tuk) Pertaining to the eye, 

optic chiasma (ki-az‘ma) An X-shaped 
structure on the inferior aspect of the brain, 
anterior to the pituitary gland, where there 1s 
a partial crossing over of fibers in the optic 
nerves; also called the optic chiasm. 420 

optic disc A small region of the retina where 
the fibers of the ganglion neurons exit from 
the eyeball to form the optic nerve; also 
called the blind spot. 494 

optic tract A bundle of sensory axons located 
between the optic chiasma and the thalamus 
that functions to convey visual impulses from 
the photoreceptors within the eye. 420 

Oral Pertaining to the mouth, 

oraserrata The jagged peripheral margin of 
the retina. 497 

Organ = A structure consisting of two or more 
tissues that performs a specific function. 9 

organelle (or’‘ga-nel’) A minute living 
structure of a cell with a specific function. 8 

Organism = An individual living creature. 10 

organ of Corti (kor’te) See spiral organ. 485 

orifice (ori-fis) An opening into a body 
cavity ortube. 281 

origin The place of muscle attachment— 
usually the more stationary point or the 
proximal bone; opposite the insertion. 255 

oropharynx (0 ‘ro-far‘ingks) The second 
portion of the pharynx, located posterior to 
the oral cavity and extending from the soft 
palate to the hyord bone. 686 

osmolality (oz°‘md-lal‘i-te) A measure of 
the total concentration of a solution; the 
number of moles of solute per kilogram of 
solvent. 96 

osmoreceptors (02° md-re-cep ‘torz) Sensory 
neurons that respond to changes in the 
osmotic pressure of the surrounding fluid. 97 

osmosis (0:-mo’sis) The passage of solvent 
(water) from a more dilute to a more 
concentrated solution through a membrane 
that ts more permeable to water than to the 
solute. 93 

osmotic pressure (oz-mot‘ik) A measure of 
the tendency of a solution to gain water by 
osmosis when separated by a membrane from 
pure water. Directly related to the osmolality 
of the solution, itis the pressure required to 
Just preventosmosis. 94 

osseous tissue (os‘ce-us) Bone ussue. 127 

ossicle (os‘i-kul) One of the three bones of 
the middle ear; also called the auditory 
ossicle. 453 

ossification (05° 1-f1-ka’shun) The process of 
bone tissue formation. 168 

osteoblast (os te-d-blast) A bone-torming 
cell 166 

osteoclast (os te-d-klast) A cell that causes 
erosion and resorption of bone tissue. 166 


osteocyte (os‘te-d-sit) A mature bone 
cell. 166 

Ostealogy (os te-old-je) The study of the 
structure and function of bone and the entire 
skeleton. 160 

osteomalacia (os te-o-ma-la’shd) Softening 
of bones due to a deficiency of vitamin D 
and calerum. 173 

ostean (os‘te-on) A group of osteocytes and 
concentric lamellae surrounding a central 
canal, constituting the basic unit of structure 
In osseous tissue; also called a haversian 
system. 167 

osteoporosis (os °‘te-o-pd-ro’sis) 
Demineralization of bone, seen most 
commonly in postmenopausal women and 
patients who are mactive or paralyzed. It 
may be accompanied by pain, loss of stature, 
and other deformities and fractures. 174 

Otoliths (o'td-liths) Small, hardened 
particles of calcium carbonate in the saccule 
and utricle of the inner ear, associated with 
the receptors of equilibrium; also called 
statoconia. 480 

outerear The outer portion of the ear, 
consisting of the auricle and the external 
auditory canal. 482 

oval window = An oval opening in the bony 
wall between the middle and inner ear, into 
which the footplate of the stapes fits; also 
called the vestibular window. 483 

ovarian follicle (o-var‘e-an fol i-kul) A 
developing ovum and its surrounding 
epithelial cells. 878 

ovarian ligament (lig’a-ment) A cordlike 
connective Ussue that attaches the ovary to 
the uterus. 877 

Ovary (o'va-re) The female gonad in which 
ova and certain sexual hormones are 
produced. 877 

oviduct (o’vi-dukt) The tube that transports 
ova from the ovary to the uterus; also called 
the uterine tube or fallopian tube. 872 

ovulation (ov-yi-la’shun) The rupture of an 
ovarian (graafian) follicle with the release of 
anovum. 878 

ovum (ovum) A secondary oocyte capable of 
developing into a new individual when 
fertilized by a spermatozoon. 839 

oxidative phosphorylation (ok’’st-da‘tv 
fos*‘for-T-la‘shun) The formation of ATP 
using energy derived from electron transport 
to oxygen. It occurs in the mitochondria. 85 

oxidizing agent (ok’st-diz-ing) An atom that 
accepts electrons in an oxidation-reduction 
reaction. 78 

oxyhemoglobin (ok “’se-he’’‘md-glo’bin) A 
compound formed by the bonding of 
molecular oxygen to hemoglobin. 707 

oxyhemoglobin saturation § The ratio, 
expressed as a percentage, of the amount of 
oxyhemoglobin relauve to the total amount 
of hemoglobin in blood. 709 

oxytocin (ok si-to’sin) One of the two 
hormones produced in the hypothalamus 
and secreted by the posterior pituitary (the 
other harmone ts vasopressin), Oxytocin 
sumulates the Contraction of uterine smooth 
muscles and promotes milk epection in 
females. 520 


P 


pacemaker (pas‘ma’‘ker) A group of cells 
that has the fastest spontaneous rate of 
depolarization and contraction in a mass of 
electrically coupled cells; in the heart, this ts 
the sinoatrial, or SA, node. 275 

pacinian corpuscle (pa-sin’e-an) See 
lamellated corpuscle. 467 

PAH Para-aminohippuric acid, a substance 
used to measure total renal plasma tlow 
because its clearance rate is equal to the 
total rate of plasma flow to the kidneys. 
PAH ts filtered and secreted but not 
reabsorbed by the renal nephrons. 745 

palate (pal‘at) The roof of the oral 
cavity. 771 

palatine (pal‘a-tin) Pertaining to the palate. 

palmar (pal’mar) Pertaining to the palm of 
the hand. 15 

palpebra (pal‘pe-bri) Aneyelid. 488 

Pancreas (pan‘kre-as) A mixed organ in the 
abdominal cavity that secretes pancreatic 
juices into the GI tract and insulin and 
glucagon into the blood 794 

pancreatic duct (pan‘kre-atik) A drainage 
tube that carries pancreatic juice from the 
pancreas into the duodenum of the 
hepatopancreatic ampulla. 794 

pancreatic islets A cluster of cells within the 
pancreas that forms the endocrine portion 
and secretes insulin and glucagon; also called 
islets of Langerhans 794 

papillae (pi-pil’e) Small, nipplelike 
Projections. 148 

papillary muscle (pap‘t-ler’e) Muscular 
Projections from the ventricular walls of the 
heart to which the chordea tendineae are 
attached. 569 

paranasal sinus (par°A-na‘zal si’nus) An air 
chamber lined with a mucous membrane that 
communicates with the nasal cavity. 685 

parasympathetic (par’‘a-sim’‘pa-thet tk) 
Pertaining to the division of the autonomic 
nervous system concerned with activities 
that, in general, inhibit or oppose the 
physiological effects of the sympathetic 
nervous system. 447 

parathyroid hormone (PTH) A polypeptide 
hormone secreted by the parathyroid glands. 
PTH acts to raise the blood Ca** levels 
primarily by stimulating reabsorption of 
bone. 530 

Parathyrolds (par‘“a-thiroid:) Small 
endocrine glands embedded on the posterior 
surface of the thyroid glands that are 
concerned with calcium metabolism. 530 

parietal (pa-rie-tal) Pertaining to a wall of 
an organ orcavity. 12 

parietal pleura (ploor’a) The thin serous 
membrane attached to the thoracic walls of 
the pleural cavity. 116 

Parkinson's disease (par‘kin-sunz:) A tremor 
of the resting muscles and other symptoms 
caused by inadequate dopamine-producing 
neurons inthe basal nuclet of the cerebrum; 
also called paralysis agituns 352 

parotid gland (pa-rotid) One of the paired 
salivary glands located on the side of the face 


Downloaded from Durr-e-Danish Library 


Glossary 


Glossary 


over the masseter muscle just anterior to the 
eat and connected to the oral cavity through 
a salivary duct. 774 

parturition (par tyoo-rish’un) The process 
of giving birth; childbirth. 920 

passive immunity (i-myoo‘nt-te) Specific 
immunity granted by the administration of 
anubodies made by another organism. 665 

pathogen (path®-jen) Any disease- 
producing microorganism or substance. 803 

pectoral (pek'td-ral) Pertaining to the chest 
tegion. 14 

pectoral girdle § The portion of the skeleton 
that supports the upper extremities. 203 

pedicle (ped7-k'l) The portion of a vertebra 
that connects and attaches the lamina to the 
body. 194 

pelvic (pel’vik) Pertaining to the pelvis. 

pelvic girdle The portion of the skeleton 
to which the lower extremities are 
attached. 209 

pelvis (pel’vis) A basinlike bony structure 
formed by the sacrum and ossa coxae. 209 

penis (penis) The male organ of copulation, 
used to introduce sperm into the female 
vagina and through which urine passes 
during urination. 856 

pennate (pen‘at) Pertaining to a skeletal 
muscle fiber arrangement in which the fibers 
are attached to tendinous slips in a 
featherlike pattern. 281 

pepsin (pep’sin) The protein-digesting 
enzyme secreted in gastric juice. 778 

peptic ulcer (pep‘tik ul’ser) An injury to the 
mucosa of the esophagus, stomach, or small 
intestine due to the action of acidic gastric 
juice. 779 

perforating canal A minute duct through 
compact bone by which blood vessels and 
nerves penetrate to the central canal of an 
osteon; also called Volkmann's canal. 167 

pericardium (per’i-kar‘de-um) A protective 
serous membrane that surrounds the 
heart. 566 

perichondrium (per’‘I-kon‘dre-um) A 
toughened connective sheet that covers 
some kinds of cartilage. 126 

perikaryon (per‘1-kar’e-on) The cell body of 
aneuron. 345 

perilymph (pert-limf) A fluid of the inner ear 
that provides a liquid-conducting medium for 
the vibrations involved in hearing and the 
maintenance of equilibrium. 478 

perimysium (per ‘I-mis‘e-um) Fascia 
(connective tissue) surrounding a bundle of 
muscle fibers. 255 

perineum (per’‘I-ne‘um) The floor of the 
pelvis, which is the region between the anus 
and the symphysis pubis. Itas the region that 
contains the external genitalia. 14 

perineurium (per‘‘V-noor’e-um) Connective 
tissue surrounding a bundle of nerve fibers. 
347 

periodontal membrane (per’'e-b-don‘tal) A 
fibrous connective Ussue lining the dental 
alveoh. 773 

periosteum (per ’e-os‘te-um) A fibrous : 
connective tissue covering the outer surface 


of bone. 166 


peripheral nervous system (pé-rif‘er-al) The 
nerves and ganglia of the nervous system 
that lie outside of the brain and spinal cord; 
PNS. 416 

peristalsis (per’’t-stal’sis) Rhythmic 
contractions of smooth muscle in the walls 
of various tubular organs by which the 
contents are forced onward. 766 

peritoneum (per’V-td-ne‘um) The serous 
membrane that lines the abdominal cavity and 
covers the abdominal visceral organs. 767 

Peyer's patches (pi‘erz) See mesenteric 
patches. 650 

pH A measure of the relative acidity or 
alkalinity of a solution, numerically equal to 
7 for neutral solutions. The pH scale in 
common use ranges from 0 to 14. Solutions 
with a pH lower than 7 are acidic and those 
with a higher pH are basic. 26 

phagocytosis (fag’d-si-to’sis) Cellular 
eating; the ability of some cells (such as 
white blood cells) ro engulf large particles 
(such as bacteria) and digest these particles 
by merging the food vacuole in which they 
are contained with a lysosome containing 
digestive enzymes. 45 


phalanx (fa‘langks), pl. phalanges A bone of a 
finger ortoe. 208 
pharynx (far‘ingks) The organ of the 


digestive system and respiratory system 
located at the back of the oral and nasal 
cavities that extends to the larynx anteriorly 
and to the esophagus posteriorly; also called 
the throat. 685 

photoreceptor (fo’‘to-re-sep’tor) A sensory 
nerve ending that responds to the 
stimulation of light. 465 

physiology (fiz‘e-oli-je) The science that 
deals with the study of body functions. 2 

pia mater (pia ma‘ter) The innermost 
meninx that ts in direct contact with the 
brain and spinal cord. 396 

pineal gland (pin’e-al) A small cone-shaped 
gland located in the roof of the third 
ventricle. 532 

pinna (pin’s) The outer, fleshy portion of the 
external ear; also called the auricle. 482 

pinocytosis (pin’%-si-to’sis) Cell drinking; 
invagination of the cell membrane forming 
narrow channels that pinch off into vacuoles. 
This allows for cellular intake of extracellular 
fluid and dissolved molecules. 45 

pituitary gland (pi-tooT-ter-e) A small, pea- 
shaped endocrine gland situated on the 
interior surtace of the diencephalonic 
region of the brain, consisting of anterior 
and posterior lobes; also called the 
hypophysts. 519 

pivot joint (piv’ur) A synovial yount in which 
the rounded head of one bone articulates 
with the depressed cup of another to permit 
a rotational type of movement. 228 

placenta (pli-sen'ta) The organ of metabolic 
exchange between the mother and the 
fetus. 911 

plantar (plan ‘tar) 
the foot l 5 

plasma (plaz’ma) The fluid, extracellular 
portion of circulating blood. 551 


Pertaining to the sole of 


plasma cells Cells derived from B 
lymphocytes that produce and secrete large 
amounts of antibodies. They are responsible 
for humoral immunity. 553 : 

platelets (plar-letz) Small fragments of specific 
bone marrow cells that function in blood” 
coagulation; also called thrombocytes. 553 

pleural (ploor ‘al) Pertaining to the serous 
membranes associated with the lungs. 

pleural cavity The potential space between 
the visceral pleura and parietal pleura. 691 

pleural membranes = Serous membranes that 
surround the lungs and provide protection 
and compartmentalization. 116 

plexus (plek’sus) A network of interlaced 
nerves or vessels. 

plexus of Auerbach (ower-bak) See 
myenteric plexus. 769 

plexus of Meissner (mis‘ner) See submucosal 
plexus. 769 

plicae circulares (pli‘ce sur-kyt-lar @z) 

Deep folds within the wall of the small 
intestine that increase the absorptive surface 
area. 782 

pneumotaxic area (noo’’md-tak’sik) The 
region of the respiratory control center 
located in the pons of the brain. 693 

polar body A small daughter cell formed by 
metosis that degenerates in the process of 

oocyte production. 877 

polar molecule A molecule in which the 
shared electrons are not evenly distributed, 
so that one side of the molecule ts negatively 
(or positively) charged in comparison with 
the other side. Polar molecules are soluble in 
polar solvents, such as water. 23 

polydipsia (pol’‘e-dip’se-a) Excessive thirst. 

polymer (pol’-mer) A large molecule 
formed by the combination of smaller 
subunits, or monomers. 765 

polymorphonuclear leukocyte (pol’‘e-mor’‘f6- 
noo‘kle-ar loo’kd-sit) A granular leukocyte 
containing a nucleus with a number of lobes 
connected by thin, cytoplasmic strands. This 
type includes neutrophils, eosinophils, and 
basophils. 553 

Polypeptide (pol”’e-pep’tid) A chain of 
amino acids connected by covalent bonds 
called peptide bonds. A very large 
polypeptide 1s called a Protein. 36 

polysaccharide (pol’‘e-sak‘a-rid) A 
carbohydrate formed by covalent bonding of 
numerous monosaccharides. Examples 
include glycogen and starch. 30 

polyuria (pol’ “e-yoore-a) Excretion of an 
excessively large volume of urine ina given 
period. 758 

PONS (ponz) The portion of the brain stem 

just above the medulla oblongata and 
anterior to the cerebellum. 393 

Popliteal (pop t-te “al, pop-lit‘e-al) 
Pertaining to the concave region on the 
Posterior aspect of the knee. 15 

Posterlor (pos-tér’e-or) Toward the back: 
also called dorsal. 12 

posterior pituitary (pt-toot-ter-e) See 
neurohypophysis. 519 

Posteriorroot An aggregation of sensory 
neuron fibers lying hetween a spinal nerve 
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and the posterolateral aspect of the spinal 
cord; also called the dorsal root or se 


root ve | 


posterior root ganglion (gang‘gle-on) A 
cluster of cell bodies of sensory neurons 


located along the posterior root of a spinal 
nerve. 427 


postganglionic neuron (post “‘gang- 
The second neuron in an autono 


nsory 


gle-on 1k) 
mic motor 
pathway. Its cell body is outside the central 


Nervous system and it terminates at an 
effector organ. 447 

postnatal (post-natal) After birth. 

postsynaptic Inhibition (post ‘si-nap‘uk) 
The inhibition ota postsynaptic neuron by 
axon endings that release a Neurotransmitter 
that induces hyperpolarizatton (inhibitory 
Postsynaptic potentials), 369 

preganglionic neuron (pre *“gang-gle-on ik) 
The first neuron in an autonomic motor 
pathway. Its cell body 1s inside the central 
Nervous system and it terminates on a 
postganglionic neuron. 447 

pregnancy A condition in which a female ts 
carrying a developing offspring within the 
body. 925 

prenatal (pre-na‘tal) Pertaining to the 
period of offspring development during 
pregnancy; before birth. 

prepuce (pre‘pyoos) A fold of loose, 
retractable skin covering the glans of the 
penis or clitoris; also called the foreskin. 856 

presynaptic inhibition (pre ‘si-nap tik) 
Neural inhibition in which axoaxonic 
synapses inhibit the release of 
neurotransmitter chemicals from the 
Presynaptic axon terminal. 369 

prolactin (pro-lak tin) A hormone secreted 
by the anterior pituitary that, in conjunction 
with other hormones, stimulates lactation in 
the postpartum female. It may also 
participate (along with the gonadotropins) 
in regulating gonadal function in some 
mammals. 520 

pronation (pro-na’shun) A rotational 
movement of the forearm in which the palm 
of the hand as turned posteriorly. 234 

proprioceptor (pro ‘pre-o-sep tor) A sensory 
nerve ending that responds to changes in 
tension ina muscle or tendon. 465 

prostaglandin (prostaglandin) Any of a 
family of fatty acids that have numerous 
autocrine regulatory functions, including the 
stimulation of uterine contractions and of 
gastric acid secretion and the promotion of 
inflammation. 34 

prostate (pros tar) A walnut-shaped gland 
surrounding the male urethra just below the 
urinary bladder thar secretes an additive to 
seminal fluid during eyaculacion, 555 

prosthesis (pros-the sis) An artificial device 
to replace a diseased or worn body part. 250 

Proton (proton) A unit of positive charge in 
the nucleus of atoms. 22 

protoplasm (pro ty plas’ em) 
forthe collowal Complex of protem that 
constitutes the living material of acell. It 
includes cytoplasm and nucleoplasm. — § 


A general term 


Protraction (pro-trak’shun) The movement 
of a body part, such as the mandible, forward 
on a plane parallel with the ground; the 
Opposite of retraction. 235 

Proximal (prok’-st-mal) Closer to the 
midplane of the body or to the origin of an 
appendage; the opposite of distal. 12 

Pseudohermaphrodite (soo ‘do-her-mat rb-dit) 
An individual with some of the physical 
characteristics of both sexes, but who lacks 
functioning gonads of both sexes; a true 
hermaphrodite has both testes and 
ovaries. 863 

pseudopods (soo “dd-podz) Footlike 
extensions of the cytoplasm that enable 
some cells (with amoeboid motion) to move 
across a substrate. Pseudopods are also used 
to surround food particles in the process of 
Phagocytosis. 44 

ptyalin (ta-lin) Anenzyme in saliva that 
catalyzes the hydrolysis of starch into smaller 
molecules; also called salivary amylase. 796 

puberty (pyoo'ber-te) The period of 
development in which the reproductive 
organs become functional. 843 

pulmonary (pul’mo-ner’’e) Pertaining to the 
lungs. 

pulmonary circulation The system of blood 
vessels from the right ventricle of the heart 
to the lungs that transports deoxygenated 
blood and returns oxygenated blood from the 
lungs to the left atrium of the heart. 570 

pulp cavity A cavity within the center of a 
tooth that contains blood vessels, nerves, 
and lymphatics. 773 

pupil The opening through the irts that 
permits light to enter the posterior cavity of 
the eyeball and be retracted by the lens 
through the vitreous chamber. 492 

Purkinje fibers (pur-kin je) See conduction 
myofibers. 576 

pyloric sphincter (pi-lor‘ik sfingk’ter) A 
modification of the muscularis tunic between 
the stomach and the duodenum that 
functions to regulate the food material 
leaving the stomach. 777 

pyramid (pir'a-mid) Any of several structures 
that have a pyramidal shape (e.g., the renal 
pyramids in the kidney and the medullary 
pyramids on the anterior surface of the 
brain). 403 

pyrogen (pi rd-jen) 
substance. 653 


A fever-producing 


QRS complex The principal deflection of an 
electrocardiogram that is produced by 
depolarization of the ventricles. 577 


R 


tamus (ra mus) 
ornerve 211 

raphe (rate) A ridge ora seamlike structure 
herween two similar parts of a body organ, as 
inthe scrotum. 845 

receptor (re-sep tor) Asense organ ora 
specialized distal end of a sensory neuron that 
receives stimuli trom the environment. 437 


A branch of a bone, artery, 


rectum (rek’tum) The terminal portion of 
the GI tract, between the sigmoid colon and 
the anal canal. 785 

red marrow (maro) A tissue that forms 
blood cells, located in the medullary cavity 
of certain bones. 165 

red nucleus (noo'kle-us) An aggregation of 
gray matter of a reddish color located in the 
upper portion of the midbrain. It sends fibers 
to certain brain tracts. 392 

reduced hemoglobin (he mo-glo‘bin) 
Hemoglobin with iron in the reduced ferrous 
state. Itas able to bond with oxygen but ts 
not combined with oxygen. Also called 
deoxyhemoglobim. 707 

reducing agent Anelectron donor ina 
coupled oxidation-reduction reaction. 78 

reflex (re fleks) A rapid involuntary 
Tesponse to a stimulus. 438 

reflex arc | The basic conduction pathway 
through the nervous system, consisting of a 
sensory neuron, an association neuron, and a 
motor neuron. 437 

regional anatomy = The division of anatomy 
concerned with structural arrangement in 
specific areas of the body, such as the head, 
neck, thorax, or abdomen. 323 

renal (renal) Pertaining to the kidney. 

renal corpuscle (kor‘pus'l) The portion of 
the nephron consisting of the glomerulus 
and a glomerular capsule; also called the 
malpighian corpuscle. 730 

renal cortex The outer portion of the kidney, 
primarily vascular. 728 

renal medulla (me-dul’a) The inner portion 
of the kidney, including the renal pyramids 
and renal columns. 728 

renal pelvis = The inner cavity of the kidney 
formed by the expanded ureter and into 
which the calyces open. 729 

renal plasma clearance rate The milliliters of 
plasma cleared of a particular solute per 
minute by the excretion of that solute in the 
urine. If there is no reabsorpuon or secretion 
of that solute by the nephron tubules, the 
plasma clearance rate 1s equal to the 
glomerular filtration rate. 744 

renal pyramid = A triangular structure within 
the renal medulla composed of nephron 
loops and the collecting ducts. 729 

repolarization (re-po‘‘lar-I-za' shun) The 
reestablishment of the resting membrane 
potential atter depolarization has 
occurred 353 

respiration (res ‘pi-ra’shun) The exchanve 
of gases between the external environment 
and the cells of an organism. 684 

respiratory acidosis (1i-spir a-ror-e as 1- 
do’sis) A lowering of the blood pH to 
below 7.35 due to accumulation of CO: as a 
resuleot hypoventilation. 713 

respiratory alkalosis (al ‘ka-lo‘sas) Arise in 
blood pH to above 7.45 due to excessive 
elimination of blood CO} as a result of 
hyperventilanon. 713 

respiratory center The structure or portion of 
the brain stem that regulates the depth and 
rate of breathing. 395 

respiratory distress syndrome A lung disease 
of the newborn, most frequently occurring in 
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premature infants, that is caused by 
abnormally high alveolar surface tension as a 
result ota dehictency in lung surfactant; also 
called Ayalme membrane disease. 695 

respiratory membrane A thin, moistened 
Membrane within the lungs, composed of an 
alveolar portion anda capillary portion, 
through which gaseous exchange occurs. 690 

rete testis A network of ducts 
in the center of the testis associated with the 
production of spermatozoa. 848 

reticular formation (re-tkyi-lar) A network 
of nervous tissue tibers in the brain stem that 
arouses the higher brain centers. 395 

retina (ret‘i-na) | The principal portion of the 
internal tunte of the eyeball that contains 
the photoreceptors. 496 

retraction (re-trak shun) ~The movement of a 
body part, such as the mandible, backward 
ona plane parallel with the ground; the 
opposite of promraction. — 235 

retroperitoneal (ret ’‘ro-per’1-to-ne al) 
Positioned behind the parietal 
Peritoneum. 117 

thodopsin (ro-dop’sin) A pigment in rod 
cells that undergoes a photochemical 
dissociation in response to light, and in so 
doing stimulates electrical activity in the 
photoreceptors. 498 

rhythmicity area (rith-mis‘i-te) A portion of 
the respiratory control center located in the 
medulla oblongata that controls inspiratory 
and expiratory phases. 703 

ribosome A cytoplasmic 
organelle composed of protein and RNA in 
which protein synthesis occurs. 55 

tickets (nik‘ets) A condition caused by a 
deficiency of vitamin D and associated with 
an interference of the normal ossification of 
hone. 173 

right lymphatic duct (lim-fatik) A major 
vessel of the lymphatic system that drains 
lymph trom the upper nght portion of the 
hody into the rght subclavian vein. 648 

rigor mortis (rigor mortis) The stiffening of 
a dead body due to the depletion of ATP and 
the production of mygor complexes between 
actin and myosin in muscles. 134 

RNA Ribonucleic actd; a nucleic acid 


consisting of the nitrogenous bases adenine, 


(re te tes tis) 


(ni ho-som) 


guanine, cytosine, and uracil; the sugar 
ribose; and phosphate groups. There are 
three types of RNA found in cytoplasm: 
messenger RNA (mRNA), transter RNA 
((RNA) and nbosomal RNA (rRNA). 52 

rod. A photoreceptor in the retina of the eye 
that is specialized for colorless, dim-light 
viston, 495 

rootcanal The hollow, tubular extension of 
the pulp cavity into the root of the tooth 
that contains vessels and nerves. 773 

rotation The movement of a 
hone around its own longitudinal axis. 234 

round window = A round, membrane-covered 
opening between the middle and inner esr, 
directly below the oval window; also called 
the cochlear umdow 483 

rugae (rooje) The folds or ndges of the 
mucosa of anorgan. 754 


(ro-ta shun) 


S$ 


saccadic eye movements (si-kad‘ik) Very 
rapid eye movernents that occur constantly 
and that change the tocus on the retina from 
one point to another, 502 


Saccule (sak*yool) A saclike cavity in the 


Membranous labyrinth inside the vestibule of 


the inner ear that contains a vestibular organ 
for equilibrium. 479 

Sacral (sakral)  Pertamming to the sacrum. 

sacral plexus (plek’sus) A network of nerve 
fibers that arises from spinal nerves L4 
through $3. Nerves artsing from the sacral 
plexus merge with those from the lumbar 
plexus to form the lumbosacral plexus and 
supply the lower extremity. 434 

saddle joint A synovial yornt in which the 
articular surfaces of both bones are concave 
in one plane and convex or saddle shaped, in 
the other plane, such as in the distal 
carpometacarpal yornt of the thumb. 231 

sagittal plane (sayT-tal) A vertical plane, 
running parallel to the midsagittal plane, 
that divides the body into unequal right and 
left portions. 11 

Salivary gland (sal‘i-ver-e) An accessory 
digestive gland that secretes saliva into the 
oral cavity. 773 

Saltatory conduction (sal‘ta-to’‘re) The 
rapid passage of action potentials from one 
node of Ranvier (neurofibril node) to 
another in myelinated axons. 357 

sarcolemma (sarki-lem‘a) The cell 
membrane of a muscle fiber. 270 

sarcomere (sar‘ki-mér) The portion of a 
striated muscle fiber between the two 
adjacent Z lines that is considered the 
functional unit of a myofibril. 263 

sacroplasm (sar‘kd-plaz‘*em) The cytoplasm 
within a muscle fiber. 268 

sarcoplasmic reticulum (sar’kd-plaz’mik ré- 
uk‘yai-lum) = The smooth or agranular 
endoplasmic reticulum of skeletal muscle 
cells. It surrounds each myofibril and stores 
Ca** when the muscle ts at rest. 268 

scalatympani (skalatim’pa-ne) The lower 
channel of the cochlea that ts filled with 
perilymph. 484 

scala vestibull (vé-stib’ya-le) The upper 
channel of the cochlea that ts filled with 
perilymph. 454 

Schwanncell (schwahn) See 
neurolemmocyte. 348 

sclera (skler’a) The outer white layer of 
fibrous connective Ussue that forms the 
protective covering of the eyeball. 492 

scleral venous sinus (ve‘nus) A circular 
venous drainage for the aqueous humor from 
the anterior chamber; located at the 
junction of the sclera and the comea; also 
called the canal of Schlemm — 494 

scrotum (skrotum) A pouch of skin that 
contains the testes and their accessory 
organs. 845 

sebaceous gland (sé-ha‘shus) 
gland of the skin that secretes schum. 147 

sebum (sebum) An woily, waterprooting 
secretion of the sebaceous glands. 147 


An exocrine 


second messenger A molecule or ton whose 
concentration within a target cellis 
increased by the action of a regulatory 
compound (e.g., @ hormone or 
neurotransmitter) and which stimulates the 
metabolism of that target cell ina way thar 
mediates the intracellular etfects of that 
regulatory compound. 536 

secretin (st-kre'tin) A poly peptide hormone 
secreted by the small intestine in response Co 
acidity of the intestinal lumen. Along with 
cholecystokinin, secretin stimulates the 
secretion of pancreatic yuice Into the small 
intestine. 800 

semen (se men) 
of the reproductive organs of the male, 
consisting of spermatozoa and additives from 


The thick, whitish secretion 


the prostate and seminal vesicles. 863 

semicircular canals 9 Tubule channels within 
the inner ear that contain receptors for 
equilibrium. 479 

semilunar valve (sem‘‘e-loo‘nar) Crescent- 
or half-moon-shaped heart valves positioned 
at the entrances to the aorta and the 
pulmonary trunk. 567 

seminal vesicles (sem‘I-nal ves‘I-k'lz) A 
pair of accessory male reproductive organs 
lying posterior and inferior to the urinary 
bladder that secrete additives to spermatozoa 
into the ejaculatory ducts. 854 

seminiferous tubules (sem ‘i-nif‘er-us 
too ‘byoolz) Numerous small ducts in the 
testes, where spermatozoa are produced. 845 

semipermeable membrane (sem ‘'e-per’me-a- 
b'l) A membrane with pores of a size that 
permits the passage of solvent and some 
solute molecules while restricting the 
passage of other solute molecules. 93 

senescence (st-nes‘ens) The process of 
aging. 134 

sensory area A region of the cerebral cortex 
that receives and interprets sensory nerve 
impulses. 385 

sensory neuron (noor’on) A nerve cell that 
conducts an impulse from a receptor organ to 
the central nervous system; also called an 
afferent neuron. 346 

Septum (septum) A membranous or fleshy 
wall dividing two cavities. 

serous membrane (ser‘us) An epithelial and 
connective tissue membrane that lines body 
cavities and covers visceral organs within 
these cavities; also called serosa. 116 

Sertoli cells (ser-to‘le) 
cells. 845 

serum) (serum) Blood plasma with the 
clotting elements removed 551 

Sesamoid bone (ses’a-moid) =A membranous 
bone formed ina tendon in Tesponse to joint 
Stress (eg, the patella). 161 

sexchromosomes The X and Y chromosomes; 
the unequal pairs of chromosomes involved 
in sex determination (which is based on the 
Presence or absence of a Y chromosome) 
Females lack a Y chromosome and normally 
have the genotype XX; males have a Y 
chromosome and normally have the 
genotype XY. 839 

shock As it relates to the cardiovascular 
system, this term refers to a rapid, 


See sustentacular 
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uncontrolled fall in blood Pressure, which in 
some cases becomes irreversible and leads to 
death. 64] 

Shoulder The region of the body where the 
humerus articulates with the scapula. 15 

sickle-cell anemia A hereditary, autosomal 
recessive trait that occ rs pt marily in people 
of Atrican ancestry, in which at evolved 
apparently asa protection (in the carrer 
state) against malaria. In the homozygous 
state, hemoglobin S iy made instead of 
hemoglobin A; this leads to the 
characteristic sickling of red blood cells, 
hemolytic anemia, and organ damage. 718 

Sigmoid colon (say’mo ko'lon) The S- 
shaped portion of the large intestine 
between the descending colon and the 
rectum. 785 

sinoatrial node (sin o-a tre-al) A mass of 
spectalized cardiac tissue in the wall of the 
right atrium that mitiates the cardiac cycle; 
the SA node; also called the pacemaker 574 

Sinus (sinus) A cavity or hollow space 
within a body organ, such as a bone. 

Sinusoid (si ni-soid) A small, blood-filled 
space in certain organs, such as the spleen or 
liver. 789 

skeletal muscle A specialized type of 
multinucleated muscle tissue that occurs in 
bundles, has crosshands of proteins, and 
contracts in either a voluntary or 
involuntary fashion. 131 

Sleep apnea (ap ne-a) A temporary cessation 
of breathing during sleep, usually lasting for 
several seconds. 720 

Sliding filament theory The theory that the 
thick and thin filaments of a myofibril slide 
past each other during muscle contraction, 
while maintaining therr initial length. 263 

smallintestine The portion of the GI tract 
between the stomach and the cecum whose 
function as the absorption of food 
nutrients, 780 

smooth muscle = A specialized type of 
nonstriated muscle ussue composed of 
fusttorm, single-nucleated fibers. It contracts 
in ananvoluntary, rhythmic fashion within 
the walls of visceral organs. 131 

sodium/potassium pump (so de-um po-tas’e- 
um) An active transport carrer with 
ATPase enzymauc activity that acts to 
accumulate K* within cells and extrude Na* 
from cells, thus mamcaming gradients for 
these tons across the cell membrane. 99 

soft palate (palat) The tleshy, posterior 
portion of the roof of the mouth, from the 
palatine bones to the uvula. 771 

somatic (so-matik) Pertaining to the 
nonvisceral parts of the body 

somatomedins (s0) mat &-med-inz) 
of small polypeprides beliey ed to be 
produced in the liver in response to growth 
hormone stimulation and to mediate the 


A group 


actions of growth hormone on the skeleton 
and other tissues. S31 

somatostatin (so-mac O-starin) A 
polypeptide produced in the hypothalamus 
that acts tombibie the secretion of growth 
hormone trom the anterior piturtary 


Downloaded f 


Somatostatin ts also produced in the 
pancreatic islets, but its function there has 
not been established. 523 

Somatotropic hormone (s0-mat-trop ik) 
Growth hormone: an anabolic hormone 
secreted by the antertor pituitary that 
sumulates skeletal growth and protein 
synthesis in many organs. 519 

Sounds of Korotkoff (ko-rot kof) The sounds 
heard when pressure measurements are 
taken. These sounds are produced by the 
turbulent flow ot blood through an artery 
that has been partially constricted by a 
pressure cuff. 637 

spermatic cord (sper-mat‘ik) ~The structure 
of the male reproductive system composed of 
the ductus deferens, spermatic vessels, 
nerves, Cremaster muscle, and connective 
ussue. The spermatic cord extends from a 
tests to the inguinal ring. S41 

spermatogenesis (sper-mat’‘d-jen‘T-sis) 
production of male sex gametes, or 
spermatozoa. 849 

spermatozoon (sper-mat’-z0 on), pl. 
Spermatozoa or, loosely, sperm A mature 
male sperm cell, or gamete. 853 

spermiogenesis (sper ‘me--jen ‘&-sis) 
maturauional changes that transform 
spermatids into spermatozoa. 849 

sphincter (sfingk ter) A circular muscle that 
functions to constrict. a body opening or the 
lumen of a tubular structure. 281 

sphincter of ampulla) The muscular 
constriction at the opening of the common 
bile and pancreatic ducts; also called the 
sphincter of Oddi. 794 

sphincter of Oddi (ode) 
ampulla. 794 

sphygmomanometer (stig mo-ma-nom 7-ter) 
A manometer (pressure transducer) used to 
measure the blood pressure. 637 

spinalcord (spinal) The portion of the 
central nervous system that extends 
downward from the brain stem through the 
vertebral canal. 401 

spinal ganglion A cluster of nerve cell bodies 
on the posterior root of a spinal nerve. 448 

spinal nerve One of the 31 pairs of nerves that 
arise fram the spinal cord. 427 

spindle fibers (spin‘d'l) Filaments thar 
extend from the poles of a cell to its equator 
and attach to the chromosomes during the 


The 


The 


See sphincter of 


metaphase stage of cell diviston. Contraction 
of the spindle tibers pulls the chromosomes 
to opposite poles of the cell. 62 

spinous process (spi nus) A sharp projection 
of bone ora ndge of bone, such as on the 
scapula, 194 

spiral organ) The functional unit of hearing, 
consisting of a basilar membrane supporting 
receptor hair cells and a teetoral membrane 
within the endolymph of the cochlear duct, 
also known as the organ of Cora 485 

spironolactones (spi ri-no-lak tonz) 
Diuretic drugs that act as an aldosterone 
antagonist, 758 

spleen (splen) A large, blood tilled, 
glandular organ located tn the upper lett 
quadrant of the abdomen and attached by 
mesenrenes to the stamach 650 
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Spongy bone Bone tissue with a larricclike 
structure; also called cancellous bone. 165 

squamous (skwa mus) Flatorscalelike. 110 

Stapes (sta pez) The innermost of the 
auditory ossicles that tits against the oval 
window of the inner ear; also called the 
surrup. 483 

Steroid (steroid) A lipid, derived from 
cholesterol, that has three 6-sided carbon 
rings and one 5-sided carbon ring. These 
form the steroid hormones of the adrenal 
cortex and gonads. 34 

stomach A pouchlike digestive organ located 
berween the esophagus and the 
duodenum. 776 

Stratified (strat ‘i-fid) 
strata. 110 

stratum basale (stratum ba-sa‘le) The 
deepest epidermal layer, where mitotic 
activiry occurs. 138 

Stratum corneum (kor’ne-um) The outer, 
cornified layer of the epidermis of the 
skin. 140 

stroke volume = The amount of blood ejected 
from each ventricle at each heartheat. 613 

Stroma (stroma) A connective tissue 
framework in an organ, gland, or other 
tussue. 122 

Subarachnoid space (sub‘‘A-rak’‘noid) The 
space within the meninges hetween the 
arachnoid mater and pra mater, where 
cerebrospinal fluid flows. 396 

sublingual gland (sub-ling‘gwal) One of the 
three pairs of salivary glands. It 1s located 
below the tongue and its duct opens to the 
side of the lingual trenulum. 774 

submandibular gland (sub “‘man-dih yu-lar) 
One of the three pairs of salivary glands. It is 
located below the mandible and its duct opens 
to the side of the lingual frenulum. 774 

submucosa (sub‘‘myoo-ko’sa) A layer of 
supportive connective tissue that underlies a 
mucous membrane. 767 

submucosal plexus (sub*’ myoo-kos‘al 
plek’sus) A network of sympathetic and 
parasympathetic nerve fibers located in the 
submucosa tunic of the small intestine; also 
called the plexus of Meissner. 769 

Substrate (sub/strat) In enzymatic reactions, 
the molecules that combine with the amino 
acids lining the active sites of an enzyme and 
are converted to products by catalysts of the 
enzyme. 70 

sulcus (sul’kus) 
groove. 164 

Superficial (soo ‘per-fish’al) 
the surface. 12 

Superficial fascia (fash’e-a) A binding layer 
of connective tissue between the dermis of 
the skin and the underlying muscle. 255 

Superior Toward the upper part of a structure 
or toward the heads also called cephalic 12 

superior venacava A large systemic vein that 
collects blood trom regions of the body 


Arranged tn layers, or 


A shallow impression or 


Toward or near 


superior to the heart and returns it to the 
night atrium. 592 

supination (so plena shun) Rotation of the 
arm so thar the palm is directed forward or 
anteriorly; the opposite of pronation. 234 
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suppressor T cell A subpopulation of T 
lymphocytes that acts to inhibit the 
production of antibodies against specific 
antigens by Blymphocytes. 668 

Surface anatomy = The division of anatomy 
concerned with the structures that can be 
enttied from the outside of the body. 322 

Surfactant (sur-fak tant) A substance 
produced by the lungs that decreases the 
surface tension within the alveoli. 694 

Suspensory ligament (su-spen’sd-re) 1. A 
portion of the peritoneum that extends 
laterally from the surface of the ovary to the 
wall of the pelvic cavity. 877 2.4 
ligament that supports an organ or body 
part, such as that supporting the lens of the 
eye. 492 

sustentacular cells (sus-ten-tak ‘yu-lar) 
Specialized cells within the testes that supply 
nutnents to developing spermatozoa; also 
called Sertoli cells or nurse cells. 845 

sutural bone (soo’chur-al) A small bone 
positioned within a suture of certain cranial 
bones; also called a wormian bone. 161 

suture (soo’chur) A type of fibrous joint 
found between bones of the skull. 22 

sweat gland A skin gland that secretes a fluid 
substance for evaporative cooling. 148 

sympathetic (sim‘‘pa-thet‘ik) Pertaining to 
the division of the autonomic nervous 
system concerned with activities that, in 
general, arouse the hody for physical activity; 
also called the thoracolumbar division. 448 

symphysis (sim fl-sis) A type of cartilaginous 
joint characterized by a fibrocartilaginous 
pad between the articulating bones, which 
provides slight movement. 22 

symphysis pubis (pyoo'his) A slightly 
movable joint located antenorly between the 
two pubic bones of the pelvic girdle. 209 

synapse (sin‘aps) A minute space between 
the axon terminal of a presynaptic neuron 
and a dendrite of a postsynaptic neuron. 358 

synarthrosis (sin ‘ar-thro’sis) A fibrous joint, 
such as a syndesmosis or a suture. 224 

synchondrosis (sin‘‘kon-dro‘sis) A 
cartilaginous joint in which the articulating 
bones are separated by hyaline cartilage. 22 

syndesmosis (sin des-mo‘sis) A type of 
fibrous yornt in which two bones are united 
by an interosseous ligament. 225 

synergist (siner-yist) A muscle that assists 
the action of the prime mover. 281 

synergistic (sin ‘er-yis uk) Pertaining to 
regulatory processes or molecules (such as 
hormones) that have complementary or 
additive effects. 518 

synovial cavity (si-no've-al) A space 
between the two bones of a synovial joint, 
tilled with synovial fluid. = 227 

synovial joint A treely movable joint in which 
there is a synovial cavity between the 
articulating bones; also called a diarthrouic 
jomt 227 

synovial membrane = The inner membrane of a 
synovial capsule that secretes synovial fluid 
into the yount cavity. 227 

system A group of body organs thar function 
together. 9 
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systemic (sis-tem‘ik) Relating to the entire 
organism rather than to individual parts. 10 

systemic anatomy = The division of anatomy 
concerned with the structure and function of 
the various systems. 10 

systemic circulation The portion of the 
circulatory system concerned with blood 
flow trom the left ventricle of the heart to 
the entire body and back to the heart via the 
right atrium (in contrast to the pulmonary 
system, which involves the lungs). 570 

systole (sis‘td-le) ~The muscular contraction 
of a heart chamber during the cardiac 
cycle. 573 

systolic pressure (sis-tolsk) Arterial blood 
pressure during the ventricular systolic phase 
of the cardiac cycle. 636 


T 


tachycardia (tak “‘I-kar‘de-’) An excessively 
rapid heart rate, usually in excess of 100 
beats per minute (in contrast to bradycardia, 
in which the heart rate is very slow). 603 

tactile (tak‘tl) Pertaining to the sense of 
touch. 

taenlae coll (te’ne-e koi) The three 
longitudinal bands of muscle in the wall of 
the large intestine. 786 

target organ) The specific body organ that a 
particular hormone affects. 514 

tarsal gland = An oil-secreting gland that opens 
on the exposed edge of each eyelid; also 
called a meibomian gland. 490 

tarsus (tar’sus) The region of the foot 
containing the seven tarsal bones. 216 

taste bud = An organ containing the 
chemocreceptors associated with the sense of 
taste. 474 

Tcell A type of lymphocyte that provides cell- 
mediated immunity (in contrast to B 
lymphocytes, which provide humoral 
immunity through the secretion of 
anubodies). There are three subpopulations 
of T cells: cytotoxic, helper, and 
suppressor. 666 

tectorial membrane (tek-to‘re-al) A 
gelatinous membrane positioned over the hair 
cells of the spiral organ in the cochlea. 486 

telencephalon (tel’‘en-sef‘d-lon) The 
anterior portion of the forebrain, 
consututing the cerebral hemispheres and 
related parts. 379 

tendo calcaneous (ten‘dokal-ka‘ne-us) The 
tendon that attaches the calf muscles to the 
calcaneous bone; also called the Achilles 
tendon 316 

tendon (ten‘dun) A band of dense regular 
connective tssue that attaches muscle to 
bone. 122 

tendon sheath A covering of synovial 
membrane surrounding certain tendons. 225 

tentorlum cerebelll (ren-tore-um ser’ t-bel’e) 
Anextension of dura mater that forms a 
partition between the cerebral hemispheres 
and the cerebellum and covers the 
cerebellum 393 


teratogen (ré-rat‘d-jen) Any agent or factor 
that causes a physical defect ina developing 
embryo or fetus. 928 

testis (tes‘tis) The primary reproductive 
organ of a male that pr xluces spermatozoa 
and male sex hormones. 845 

testosterone (tes-tos'té-ron) ~The mayor 
androgenic steroid secreted by the interstitial 
cells of the testes after puberty. 540 

tetanus (tet‘n-us) A smooth contraction 
of a muscle (as opposed to muscle 
twitching). 259 

thalamus (thal’a-mus) An oval mass of gray 
matter within the diencephalon that serves 
asa sensory relay center. 390 

thalassemia (thal’“a-se'me-a) Any ofa 
group of hemolytic anemias caused by the 
hereditary inability co produce either the 
alpha or beta chain of hemoglobin. It ts 
found primarily among Mediterranean 
people. 718 

thigh) The proximal portion of the lower 
extremity between the hip and the knee in 
which the femur ts located. 211 

third ventricle (ven‘tri-k'l) A narrow cavity 
between the nght and left halves of the 
thalamus and between the lateral ventricles 
that contains cerebrospinal fluid. 398 

thoracic (tho-ras‘ik) Pertaining to the chest 
region. 12 

thoracic duct) =The major lymphatic vessel of 
the body that drains lymph from the entire 
body, except for the upper right quadrant, and 
returns it to the left subclavian vein. 648 

thorax (thor’aks) The chest. 12 

threshold stimulus The weakest stimulus 
capable of producing an action potential in 
an excitable cell. 355 

thrombocyte (throm‘bd-sit) A blood 
platelet formed from a fragmented 
megakaryocyte. 553 

thrombus (throm’bus) A blood clot produced 
by the formation of fibrin threads around a 
platelet plug. 606 

thymus (thi‘mus) A bilobed lymphord organ 
positioned in the upper mediastinum, 
posterior to the sternum and between the 
lungs. 650 

thyroid cartilage (thi‘roid kar'tl-lij) The 
largest cartilage in the larynx that supports 
and protects the vocal cords; commonly 
called the Adam’s apple. 687 

thyroxine (thi-rok’sin) Also called 
tetraiodothyronine, or Ty. The mayor 
hormone secreted by the thyroid gland, 
which regulates the basal metabolic rate and 
sumulates protein synthesis in many organs. 
A deficiency of this hormone in early 
childhood produces cretimism. 329 

tinnitus (ti-ni‘tus) The spontaneous 
sensation of a ringing sound or other noise 
without sound stimuli. 506 

tissue An aggregation of similar cells and 
their binding intercellular substance, yoined 
to perform a specific tunction, 9 

tongue A protrusible muscular organ on the 
floor of the oral cavity. 771 
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tonsll (ton’sil) A node of lymphoid tissue 
located in the mucous membrane of the 
pharynx. 686 

toxin (tok’sin) A poison. 665 

trabeculae (tra-bek‘yo-le) A supporting 
framework of fibers crossing the substance of 
a structure, as in the lamellae of spongy 
bone. 167 

trachea (tra‘ke-a) The airway leading from 
the larynx to the bronchi, composed of 
cartilaginous rings and a ciliated mucosal 
lining of the lumen; commonly called the 
windpipe. 688 

tract A bundle of nerve fibers within the 
central nervous system. 403 

transamination (trans‘‘am-1-na‘shun) The 
transfer of an amino group from an amino 
acid to an alpha-keto acid, forming a new 
keto acid and a new amino acid without the 
appearance of free ammonia. 819 

transpulmonary pressure (trans ’’pul’mo- 
ner’’e) The pressure difference across the 
wall of the lung, equal to the difference 
between intrapulmonary pressure and 
intrapleural pressure. 693 

transverse colon (trans-vers’ ko’‘lon) A 
portion of the large intestine that extends 
from right to left across the abdomen between 
the hepatic and splenic flexures. 785 

transverse fissure (fishur) The prominent 
cleft that horizontally separates the 
cerebrum from the cerebellum. 393 

transverse plane A plane that divides the body 
into superior and inferior portions; also called 
a horizontal, or cross-sectional, plane. 11 

tricuspid valve (tri-kus‘pid) The heart valve 
located between the right atrium and the 
right ventricle. 569 

trigone (tri‘gon) A triangular area in the 
urinary bladder between the openings of the 
ureters and the urethra. 754 

trilodothyronine (tri’ 1-0 “do-thi‘rd-nén) 
Abbreviated T3; a hormone secreted in small 
amounts by the thyroid; the active hormone 
in target cells, formed from thyroxine. 529 

trochanter (tro-kan'ter) A broad, prominent 
process on the proximolateral portion of the 
femur. 212 

trochlea (trok‘le-a) A pulleylike anatomical 
structure (e.g., the medial surface of the 
distal end of the humerus that articulates 
with the ulna). 204 

tropomyosin (tro ‘po-mid-sin) A 
filamentous protein that attaches to actin in 
the thin myofilaments and that acts, together 
with another protein called troponin, to 
inhibit and regulate the attachment of 
myosin cross bridges toactin. 268 

true vocal cords = Folds of the mucous 
membrane in the larynx that produce sound 
as they are pulled taut and vibrated. 688 

trunk = The thorax and abdomen together. 12 

trypsin (trip’sin) A protein-digesting enzyme 
in pancreatic yurce that ts released into the 
small intestine. 795 

tubercle (too ber-k'l) 
processunabone, 164 

tuberosity (too bi-ros Tre) 
protuberance on abone. 164 


A small, elevated 


An elevation of 
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tunica albuginea (too’nt-ka al““byoo-jin’e-a) 
A tough, fibrous tissue surrounding the 
testis. 845 

tympanic membrane (tim-pan‘ik) The 
membranous eardrum positioned between 
the external and middle ear. 482 


U 
umbilical cord (um-br‘lt-kal) A cordlike 


structure containing the umbilical arteries 
and vein and connecting the fetus with the 
placenta. 601 

umbilicus (um-bi-l1-kus) The site where the 
umbilical cord was attached to the fetus; 
commonly called the navel. 14 

unipolar neuron (yoo‘nt-po-lar noor‘on) A 
nerve cell that has a single nerve fiber 
extending from its cell body. 347 

universal donor =A person with blood type O 
who ts able to donate blood to people with 
other blood types in emergency blood 
transfusions. 557 

universal recipient A person with blood rype 
AB who can receive blood of any type in 
emergency transfusions. 557 

upper extremity The appendage attached to 
the pectoral girdle, consisting of the 
shoulder, brachium, elbow, antebrachium, 
andhand. 12 

urea (yoo-re’a) The chief nitrogenous waste 
product of protein catabolism in the urine, 
formed in the liver from amino acids. 739 

uremia (yoo-re’me-4) The retention of urea 
and other products of protein catabolism as a 
result of inadequate kidney function. 759 

ureter (yoo-re‘ter) A tube that transports 
urine from the kidney to the urinary 
bladder. 753 

urethra (yoo-re‘thr’) A tube that transports 
urine from the urinary bladder to the outside 
of the body. 754 

urinary bladder (yoo‘rl-ner“’e) A distensible 
sac that stores urine, situated in the pelvic 
cavity posterior to the symphysis pubis. 754 

urobilinogen (yoo’‘rd-bi-lin’o-yen) A 
compound formed from bilirubin in the small 
intestine; some is excreted in the feces, and 
some is absorbed and enters the enterohepatic 
circulation, where it may be excreted either 
in the bile or in the urine. 792 

uterine tube (yoo'ter-in) The tube through 
which the ovum ts transported to the uterus 
and the site of fertilization; also called the 
oviduct or fallopian tube. 782 

uterus (yoo'ter-us) A hollow, muscular 
organ in which a fetus develops. It 1s located 
within the female pelvis between the urinary 
bladder and the rectum; commonly called 
the womb. 873 

utricle (yoo tri-k'l) An enlarged portion of 
the membranous labyrinth, located within 
the vestibule of the inner ear. 479 

uvula (yoo'vyii-la) A fleshy, pendulous 
portion of the sott palate that blocks the 
nasopharynx during swallowing. 771 


V 


vacuole (vak-yoo’dl) A small space or cavity 
within the cytoplasm of acell. 45 

vagina (va-j:’na) A tubular organ leading 
from the uterus to the vestubule of the female 
reproductive tract that receives the male 
penis during coitus. 874 

vallate papillae (val‘at pa-pil’e) The largest 
papillae on the surface of the tongue. They 
are arranged in an inverted V-shaped pattern 
at the posterior portion of the tongue. 771 

vasectomy (va-sek ‘t-me, va-zek td-me) 
Surgical removal of portions of the ductus 
deferentia to induce infertility. 864 

vasoconstriction (va‘‘zo-kon-strik shun) 
Narrowing of the lumen of blood vessels due 
to contraction of the smooth muscles in 
their walls. 624 

vasodilation (va‘‘zo-di-la’shun) Widening of 
the lumen of blood vessels due to relaxation 
of the smooth muscles in their walls. 624 

vasomotor center (va‘‘zo-mo‘tor) A cluster 
of nerve cell bodies in the medulla oblongata 
that controls the diameter of blood vessels. It 
is therefore important in regulating blood 
pressure. 395 

vein (van) A blood vessel that conveys blood 
toward the heart. 582 

vena cava (ve‘nika‘va) One of two large 
vessels that return deoxygenated blood to 
the right atrium of the heart. 592 

ventilation (ven‘‘tl-la’shun) Breathing; the 
process of moving air into and out of the 
lungs. 692 

ventral (ven‘tral) Toward the front or facing 
surface; the opposite of dorsal; also called 
inferior, 12 

ventricle (ven‘tri-k'l) A cavity within an 
organ; especially those cavities in the brain 
that contain cerebrospinal fluid and those in 
the heart that contain blood to be pumped 
from the heart. 567 

venule (ven‘yool) A small vessel that carries 
venous blood from capillaries toa vein. 615 

vermis (ver’mis) The coiled middle lobular 
structure that separates the two cerebellar 
hemispheres. 393 

vertebral canal (verté-bral) The cubelike 
cavity extending through the vertebral 
column that contains the spinal cord; also 
called the spmal canal. 401 

vertigo (vertt-go) A feeling of movement or 
loss of equilibrium. 481 

vestibular window See oval window. 

vestibule (ves‘ti-byool) A space or cavity at 
the entrance toa canal, especially that of the 
Nose, inner ear, or vagina. 

villus (vil‘us) A minute projection that 
extends outward into the lumen trom the 
mucosal layer of the small intestine. 782 

virulent (viryu-lent) Pathogenic: able to 
cause disease. 

Viscera  (vis‘er-a) The organs within the 
abdominal or thoracte cavities. 663 

visceral (vis‘er-al) Pertaining to the 
membranous covering of the viscera. 116 
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visceral peritoneum (per i-te-ne‘um) A Volkmann's canal (folk’manz) See Y 


* * Specialized lipid 
serous Membrane that covers the surfaces of pertorating canal. 167 yellow marrow (mar‘o) Speci P 5 
i | 7 ; he » within bone cavities. 16 
ibdominal viscera. 117 vulva (vulva) The external geniralia of the storage tissue W 
visceral pleura (ploor’a) A serous membrane female that surround the opening of the 
that covers the surtaces of the lungs. 116 vagina, 875 z 
visceroceptor (vis erd-sep tor) A sensory ‘oor) A fertilized egg cell formed by 
a8 ! 2 
receptor located within body organs that W zygote (:1 ual rncellandanovum. 899 
> union OF d spe c ‘ i. 
responds to information concerning the the u 6 enzymes th 
Te a \ nzymes that 
internal environment. 465 white matter Bundles of myelinated axons zymogens (21 mo-je nz) Inact : ce 
é : structure ts 
it h : F located in the central nervous system, 383 become active when part of theirs 
vitreous humor (vit re-us hyoo' mer) The i 5 | ae tion of another enzyme or 
imei F emoved by the acuio : 
transparent gel that occupres the space ache an bone (wer'me-an) See sutura removed the ac 75 
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Mildred Rindhart: 15.27. 

Mike Schenk: 6.4C, 6.26A-2; 
V1.1, 12.12, 11.13, 11.14, 11.15, 
11.16, 11.17; 12.10B;15.12, 15.23; 
18.44; 19.4, 19.5; 26.3, 26.11, 
26.31 AGB; 27.20; 30.3, 30.4, 30.5, 
30.7B, 30.11, 30.17A-D, 30.18, 
30.19, 30.20a, 30.21a-d, 30.27, 
30.29, 30.33, 30.35A, 30.36, 30.38, 
30.39. 

Tom Sims: 22.23; 24.28; 25.21 
25.22, 25.24, 25.30; 29.23, 

Tom Sims/Mike Schenk: 15.5; 
24.13, 24.33; 26.4; 28.24, 

Tom Waldrop: BOX 7.1-1, BOX 
7.12; BOX 8.1A; 12.1, 12.2A, 
12.16; 15.13, BOX 15.1-1; BOX 
18.1-1, 18.5; BOX 19.1-1, 19.6; 
24.9, BOX 24.1-1; BOX 25 1-1, 
26. 22, BOX 26.1-1; 28.7; BOX 
28.1-1, BOX 28.1-2A-F; 29.1, 
29.14, 29.22. 
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A bands, 255, 263 
Abdomen, 14 
subdivisions of, 14, 14f 
veins of 598 
viscera of, 333f 
Abdominal cavity, 15, 15f, 16f 
Abdominal muscles, 291, 293¢ 
antertor view of, 332f 
posterior view of, 334f 
Abdominal organs, 768f 
Abdominal reflexes, 440t, 441f 
Abdominal thrust mancuver, 688, 
719, 721 


Abdominopelvic cavity, 15, 15f, 16f 


Abducens nerve, 421f, 422 
Abduction, 233, 234, 236f, 237f 
Abductor digitt minim: muscle, 
302, 305, 307, 321f, 
322 
Abductor hallucis muscle, 321f, 
322f 
Abductor pollicis brevis muscle, 
302, 305, 307¢ 
Abductor pollicis longus muscle, 
302¢, 304r, 305 
Abortion, spontaneous, 908 
ABO system, 557, 557¢ 
Absolute retractory period, 356, 
356f 
Absorption, 765, 766 
of carbohydrates, 796 
of proteins, 796-97, 798f 
in stomach, 778-79 
Absorptive state, 823 
Acceptor sites, 535 
Accessory hemtazygos vein, 597 
Accessory nerve, 424, 425f 
Accessory olivary nuclei, 395 
Accessory sex organs, 
differentiation of, 862f 
Accommodation, 494-96, 497f 
Acetabular labrum, 242 
Acetabular notch, 211 
Acetabulum, 209 
definition of, 209 
Acetazolamide, 753, 758 
Acetoacetate 
in serum, laboratory testing of, 
941 
in-urtne, laboratory testing of, 
943 
Acetoacetic acid, 519 
Acetone, 819 


in serum, laboratory testing of, 
941 
in-urine, laboratory testing of, 
943 
Acetylcholine, 358, 455, 462, 779 
synaptic transmission by, 360f, 
360-63 
Acetylcholinesterase, 361 
Acetyl coenzyme A 
divergent pathways for, 818f 
formation of, 83, 83f 
ACh. See Acetylcholine 
AChE. See Acetylcholinesterase 
Acid(s), 26, 26t 
amino. See Amino acids 
deoxyribonucleic. See 
Deoxyribonucleic acid 
(DNA) 
gamma-aminobutyric, 561 
nucleic, 51-52 
ribonucleic. See Ribonucleic 
acid (RNA) 
Acid-hase balance, 713t. See also 
Acidosis; Alkalosis 
disturbances in, 753¢ 
effect of lung function on, 715t 
renal control of, 750-53 
and ventilation, 712-14 
Acidic solution, 26 
Acidosis, 713-14 
compensations for, 714 
components of, 752t 
metabolic, 713, 713 
respiratory, 713¢, 713 
Acinar glands, 117 
Acinus(1), 794-95, 795f 
definition of, 795 
Acne, 148 
definition of, 155 
Acoustic nerve, 423 
Acquired immune deficiency 
syndrome (AIDS), 669, 
S66 
Acquired immune response, 651 
Acromegaly, 173, 532, 832f 
definition of, 542 
Acromial extremity, of clavicle, 
203 
Acromion, 203 
definitien of, 203 
Acrosomal reaction, 899 
Acrosome, 599, 900f 
defininion of, 853 


ACTH. See Adrenocorticotropic 
hormone (ACTH) 
Actin, 268f 
definition of, 263 
Action potentials, 353-56, 354f 
amplitude of, 355 
conduction without decrement 
of, 357 
definition of, 354 
Versus Excitatory postsynaptic 
potentials, 361 ¢ 
in heart, 575, 575f, 576f 
in neurons, 352-57 
Active hyperemia, 626 
Active immunity, 663f, 664-65, 
666 
Active stretch, 472 
Active transport, 92, 99f, 99-100 
primary, 99 
in proximal tubule, 735-36, 
737f 
secondary, 100, 100f 
Activities, energy consumed by, 
S13t 
Acuity, definition of, 470 
Acute mountain sickness (AMS), 
716, 753 
AD. See Alzheimer’s disease 
Adam's apple, 687 
Addison, Thomas, 543, 750 
Addison's disease, 543, 750 
Adduction, 233, 234, 236f, 237f 
Adductor brevis muscle, 309, 312¢ 
Adductor longus muscle, 309, 312 
Adductor magnus muscle, 309, 
312t 
Adductor pollicis muscle, 302t, 
305, 307¢ 
Adenine, 52, 52 
Adenohypophysis, 392 
definition of, 519 
feedback control of, 523-24, 
524/ 
hypothalamic control of, 
521-23, 523 
Adenoid, definition of, 686 
Adenoidectamy, 656 
Adenosine diphosphate, 558 
Adenosine triphosphate (ATP), 
7Sf 
formation ot, 76-78, 77f 
yield in aerobic resprranion, 
85-46, Sér 


ADH. See Antidiuretic hormone 
(ADH) 
Adipocytes, 124 
autonomic effects on, 455¢ 
Adipose capsule, 728 
Adipose cells, definition of, 124 
Adipose connective tissue, 124-26, 
126f, 127¢ 
ADP. See Adenosine diphosphate 
Adrenal, definition of, 450, 526 
Adrenal cortex, 450, 526, 828 
functions of, 526-28 
synthesis of sterord hormones 
in, pathways for, 527f 
Adrenal glands, 450, 526-28 
disorders of, 543 
stress and, 527f, 527-28 
structure of, 526, 526f 
Adrenal hormones, regulation of 
metabolism, 828-29 
Adrenal medulla, 450, 526, 828 
functions of, 528 
tumors of, 543 
Adrenergic, 455 
Adrenergic drugs, 461-62 
a- Adrenergic receptors, 456 
B- Adrenergic receptors, 456 
Adrenergic stimulation, 456-57, 
4581 
Adrenergic sympathetic fibers, 624 
Adrenocorticoid hormones, effect 
on bone physiology, 171e 
Adrenocorticotropic hormone 
(ACTH), 520 
Adrenogenital syndrome, 543 
Adventitia 
of ureters, 753 
of urinary bladder, 754 
Aerobic cell respiration, 79, 82-86 
Aerobic respiration, 271 
Afferent arterioles, 730 
Afferent neuron, 346 
definition of, 345¢ 
Age, and cardiac rate, 630r 
Agglutination, 557, 554/ 
Agglutinins, 557 
Agglutinogens, 557 
Aggregated lymphatic follicles, 650 
Aging 
of immune system, 675 
of skeletal system, 174, 174/ 
of skin, 155, 155/ 
Agonists, 457 
Agranular leukocytes, 553 
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AIDS. See Acquired immune 
deficiency syndrome 
Air spaces, definition of, 700t 
Airways, definition of, 700¢ 
Akinesta, definition of, 403 
Alar cartilages, 384 
Alarm reaction, 528 
Alar plates, 408 
Albicans, definition of, 880 
Albinism, 88, 155f, 492 
definition of, 155 
Albino, 88, 140 
Albuginea, definition of, 845 
Albumin 
definition of, 551 
qualitative, in urine, laboratory 
testing of, 943 
in serum, laboratory testing of, 
941 


Albumin-globulin ration, in serum, 


laboratory testing of, 941 
Alcohol, 27, 29f 
Alcohol intoxication, 394 
Aldosterone, 527 
regulation of blood volume, 
620-22 
secretion, control of, 748-49, 
750t 
in sodium/potassium balance, 
747-48 
Alimentary canal, 766 
Alkalosis, 713-14 
compensations for, 714 
components of, 752t 
metabolic, 713, 714 
respiratory, 713, 713 
Allantois, 756, 910 
Alleles, 922, 923 
Allergens, 677 
Allergy, 676, 677-78, 678f 
reaction symptoms, chemicals 
thar produce, 678t 
skin test for, 379f 
Allogeneic transplantation, 555 
All-or-none contractions, 259, 274 
All-or-none law, 355 
Allosteric, definition of, 75 
Allosteric inhibition, 75 
Alopecia, definition of, 155 
Alpha cells, of pancreatic islets, 
531 
Alpha chains, of hemoglobin, 707 
Alpha-fetoprotein tests, 674 
Alpha globulins, 551 
Alpha interferons, 654 
Alpha motoneurons, 472 
Alpha thalassemia, 718 
Alpha waves, 386, 386f 
Altitude 
acclimatization to, 715-16, 
718¢ 
kidneys in, 753 
partial pressure of oxygen and, 
701¢ 
Alveolar ducts, 690 
Alveolar pressure, 693 
Alveolar sacs, 690, 690f 
Alveolar ventilation, definition of, 


7001 


Alveolus(1), 1641, 690 
definition of, 188, 690 
development of, 717 
of mammary gland, 887 
and pulmonary capullartes, 
689f, 690f 
Alzheimer, Alois, 371 
Alzheimer's disease, 371 
Amacrine cells, 498 
Amblyopia, 508 
definition of, 491 
Amblyopia ex anopsia, 491 
Ambrosia, 678, 679f 
Amelia, definition of, 218 
Amenorrhea, 844, 89] 
Amino acids, 35, 35f, 822 
in blood, normal range for, 17¢ 
catabolism for energy, pathways 
for, 821f 
codons for, 55¢ 
essential, 815, 8191, 819 
as neurotransmitters, 366 
nonessential, 819 
reabsorption of, 745-47 
Aminoacyl-tRNA synthetase, 56 
Amunopeptidase, 797 
Ammonia, 24f 
in plasma, laboratory testing of, 
941 
in urine, laboratory testing of, 
943 
Amnesia, 390 
definition of, 410 
Amniocentesis, 908, 910, 928 
Amnion, 908-10 
Amniotic cavity, 109, 904 
Amniotic fluid, 908 
Amniotic sac, 908 
Amoebhic dysentery, 803 
Amveboid movement, 44-45 
Amphetamines, 366 
Amphiarthroses, 224 
Ampulla, 480 
definition of, 854 
of uterine tube, 872 
Ampoulla of Vater, 781 
Amylase, 795 
in serum, laboratory testing of, 
941 
Anabolic requirements, 814-15 
Anabolic steroids, 539, 848 
Anabolism, 814 
definition of, 79 
Anaerobic, definition of, 79 
Anaerobic cell respiration, 80-82, 
8lf 
Anaerobic respiration, 271 
Anaerobic threshold, 714 
Anal canal, 785, 786f 
Anal columns, 786 
Anal membrane, 804 
Anal pit, 804 
Anaphase, 62, 63/ 
Anaphylacuc shock, 642 
Anastomoses 
arteriovenous, 579, 632, 633f 
definition of, 579 
Anatomical dead space, 698 
definition of, 700 


Anatomical neck, of humerus, 204 
Anatomical position, 11, I 1f 
Anatomical snuffbox, 327f 
Anatomize, 2 
Anatomy 
definition of, 2 
developmental, 5f 
gross, 5f 
history of, 2-6 
regional approach to, 10 
subdivisions of, 5f, 5-6 
surface. See Surface anatomy 
systemic approach to, 10 
Anconeus, definition of, 302 
Anconeus muscle, 299, 302¢ 
Androgen(s), 533 
actions of, in male, 849¢ 
definition of, 840 
effect on bone physiology, 171¢ 
Androgen binding protein (ABP), 
851 
Anemia, 552, 554 
definition of, 708 
iron-deficiency, 147, 552 
pernicious, 87¢, 103, 552 
Anencephaly, 370 
Anesthesia, definition of, 439 
Anesthetics, 409 
Aneurysm, 608 
Angina pectoris, 82, 608 
Angiogram, 628 
Angiotensin-converting enzyme, 
621 
Angiotensin-converting enzyme 
inhibitors, 621 
Angiotensin I, 621 
Angiotensin II, 621, 624, 749 
Angiotensinogen, 621 
Angle, of rib, 200 
Angle of Louis. See Sternal angle 
Angora hair, 146 
Angular gyrus, 389-90 
Angular movement, 231-33, 237f 
Animal kingdom, 7 
Anion, 24 
Ankle, 15 
joint, 245, 246f 
leg muscles that move, 313-17, 
318¢ 
teflex, 440¢, 441 
sprain, 245 
Ankylosing spondylitis, 670 
Ankylosis, definition of, 251 
Annult fibrosi, 570 
Annulospiral sensory endings, 471 
Antagonistic, definition of, 281 
Antagonistic effectors, 18, 18f 
Antagonistic effects 
in dual innervation, 459 
of hormones, 519 
Antagonistic muscles, 281, 282 
Antagonists, 457 
Antebrachium, 15 
bones of, 205-6 
Anterior, definition of, 12¢ 
Anrertor body cavity, 15, 15f 
Anterior cerebral artery, 585 
Anterior chamber, of eye, 492, 
494, 494f 


Anterior circumflex artery, 571 

Anterior commissure, 387 

Anterior corticospinal tracts, 403 

Anterior crest, 214 

Anterior cruciate ligament, 245 

Anterior crural muscles, 315, 
315/317 

Anterior crural region, 15 

Anterior division 

of brachial plexus, 429 
of lumbar plexus, 432 

Anterior fontanel, 192, 193 

Anterior funiculi, of spinal cord, 
403 

Anterior gluteal line, 211 

Anterior horns, of spinal cord, 403, 
408 

Anterior humeral circumflex 
artery, 587 

Anterior inferior iliac spine, 209 

Anterior interventricular artery, 
571 

Anterior median fissure, 402 

Anterior pituitary hormones, 


519, 522f 
Anterior ramus, of spinal nerve, 
428 


Anterior root, of spinal nerve, 427 
Anterior sacral foramina, 198 
Anterior spinothalamic tract, 474 
Anterior superior iliac spine, 209 
Anterior surtace, of stomach, 777 
Anterior talofibular ligament, 245 
Anterior tibial artery, 322f, 591 
Anterior tibial vein, 597 
Anterolateral fontanel, 192 
Anthracosis, 719 
Antibodies, 38, 557, 655, 657-60 
diversity of, 658-60 
monoclonal, 666 
structure of, 658, 659f, 660f 
Antibody-mediated immunity, 656 
Anticoagulants, 561, 561¢ 
Anticodon, 56 
Antidiuretic hormone (ADH), 97, 
520 
and diabetes insipidus, 543 
effect on reabsorption, 740-42, 
741f 
regulation of blood volume, 
619-20, 620f 
secretion and action of, 742r 
Antigenic determinant sites, 655 
Antigen-presenting cell, 670 
Antigens, 557, 655 
Antihypertensive drugs, 641t 
Antioxidant, 815 
Antiserum, 665 
Antitoxin, 665 
Antrum, 877 
Anus, definition of, 785 
Aorta 
abdominal, 589, 59 1f 
ascending, 569, 583 
segments and branches of, 589, 
590¢ 
thoracic, 589 
Aortic arch, 583 
Aortic area, 574 
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Aortic bodies, 703, 704f 
Aortic semilunar valves, 567, 570 
Apex 
of lung, 691 
of patella, 212 
Aphasta, definition of, 388 
Apical ectodermal ndge, 218 
Apical foramen, 773 
Aplastic anemia, 552 
Apnea, definition of, 700t 
Apneuristic area, 393, 393f 
Apneustic center, 703 
Apocrine glands, 120¢ 
detinition of, 118 
Apocrine sweat glands, 147f, 148 
Aponeurosis, definition of, 255 
Appendicitis, 786 
Appendicular skeleton, 162, 
202-22 
development of, 218, 218f 
muscles of, 296-317 
Appendix, definition of, 785 
Aqueduct of Sylvius, 392 
Aqueous, definition of, 42 
Aqueous humor, 494, 494f 
Arachidonte acid, 541 
Arachnoid, definition of, 396 
Arachnoid space, 398 
Arbor vitae, definition of, 393 
Arc, reflex. See Retlex arc 
Arcuate, definition of, 730 
Arcuate arteries, 730 
Arcuate fasciculus, 388 
Arcuate popliteal ligament, 245 
Arcuate veins, 730 
Areola, 887 
Areolar ylands, 887 
Areolar tissue, 122, 127t 
Argentattin, definition of, 777 
Argentatfin cells, 777 
Anstotle, 2-3, 3f 
Aromatic compounds, 27, 28f 
Arrector pili muscles, 144 
autonome effects on, 455¢ 
Arrhythmias, detected by 
clectrocardiogram, 
603-5 
Arterial blood pressure, 634 
Artenal pH, normal range for, 17¢ 
Arterial pressure points, 562f 
Arteries, 579 
of head and neck, 583-87, 586f 
from heart, 585f 
of lower extremity, 590-91, 
503 
oft pely ts, 589-90, 592 
principal, 583-91, 554f 
of upper extremity, 587-89, 
5s9f 
Arterniography, selective coronary, 
627-25 
Arteriovenous anastomoses, 579, 
632, 633 
Arthralyia, detiniaon of, 251 
Arthritis, 249-50 
development of, 2258 
Arnthrolith, definition of, 251 
Arthrology, 224 
Arthrometry, definition of, 251 


Arthroncus, definition of, 251 
Arthropathy, definition of, 251 
Arthroplasty, definition of, 227, 
251 
Arthroscopy, 250 
Arthrosis, definition of, 251 
Arthrosteits, definition of, 251 
Articular cartilage, 166, 227, 248 
Articular disc(s), 248 
of temporomandibular joint, 
239 
Articular facet, dislocated, 249 
Arnicular surfaces, of patella, 212 
Articulations, 223-53, 247¢. See 
also Joint(s) 
types of, 232 
Artificial implantation, 926 
Artificial pacemaker, 574 
Artificial respiration, 722 
Arytenoid, definition of, 687 
Arytenoid cartilages, 687 
Ascending colon, 785 
Ascending limb, of nephron loop, 
731, 737-38 
transport properties of, 740f 
Ascending lumbar vein, 597 
Ascending pharyngeal artery, 585 
Ascending tracts, 401, 405f-406f, 
4061-4070, 465 
Asparuc acid, 366 
Aspirin, 545, 559, 779 
Assessment, neurological, 407-9, 
426 
Associated connective tissues, 255 
Association fibers, 387 
Association neurons, 347 
definition of, 345¢ 
Asthma, 698 
definition of, 719 
Astigmatism, 507, 507f 
Astrocytes, 351-52 
definition of, 348 
function of, 349¢ 
Astrocytoma, 411 
Ataxia, 394 
Atenolol, 457 
Atheromas, 606 
Atherosclerosis, 606, 607f 
Athlete's bradycardia, 603 
Athlete's foot, definition of, 155 
Atlas, 195f 
definition of, 196 
Atmosphere, 699, 700f 
Atomic mass, 22 
Atomic number, 22 
Atoms, 22-23, 23f 
in organic molecules, 22 
Auresia, 506 
Atretic, definition of, 878 
Ata, 567 
definition of, 602 
development of, 602 
Atrial contraction, 374 
Atrial tibrllanion, 573 
Atrial natnuretic hormone, 
621-22, 749 
Atrial stretch receptors, 636 
Atrial systole, 574 
Atnoventricular bundle, 576 


Atrioventricular groove, 569 
Atrioventricular node, 576 
Atnoventricular valves, 567 
Atrium 
left, 569 
night, 569 
Atrophy 
definition of, 133-34 
of muscle tissue, 319 
Atropine, 457, 462 
Audiology, 503 
Audiometry, 503 
Auditory canal, 7 
Auditory impairment, 506-7 
Audirory nerve, 423 
Auditory ossicles, 161, 161t, 191, 
L91f, 483, 484f 
development of, 458, 498f 
Auditory tube(s), 483, 685-86 
development of, 488 
Auerbach, Leopold, 769 
Auerbach’s plexus, 769 
Auricle (ear), 452 
surtace anatomy of, 482 
Auricle (heart), 567 
Auricular abnormalities, 506 
Auricular surtace, 198, 211 
Auscultation, 12 
Auscultatory, detinition of, 636 
Auscultatory method, of blood 
Pressure Measurement, 
636-38, 638/ 
Autoantibodies, 673 
Autocrine regulation, 540r, 
540-42 
Autoimmune diseases, 676 
Autoimmunity, 676 
Automaticity, 574 
Autonomic, definition of, 446 
Autonomic dysretlexia, 461 
Autonomic motor nerve, definition 
of, 345¢ 
Autonomic motor neurons, 347 
Autonomic motor retlex, versus 
somatic motor reflex, 
446f 
Autonomic motor system, versus 
somatic Motor system, 
447 
Autonomic nervous system, 347, 
445-63, 454/ 
clinical considerations 
regarding, 461-62 
control by higher brain centers, 
460-61 
divisions of, 448-52 
effects 
on metabolism, 825 
on visceral organs, 4551 
functions ot, 453-61 
neurotransmitters of, $55, 456f 
pharmacology of, 461-62 
Autonome neurons, 446-47 
Autonomic retlexes, $35 
Autophagy, definition of, 49 
Autopsy, detinitian ot, 3 
Autoreactive T cells, 673 
Autoregulation, 626, 631 


Autosomal chromosomes, 64, 839, 
922 
Autotransplant, 134, 153 
Autotransplantation, 555 
Avogadro. Amadeo, 95 
Avogadro's number, 95 
Avulsion tracture, 219 
Axial skeleton, 161, 178-201 
muscles of, 243-96 
Axilla, 14 
anterolateral view of, 326f 
Axillary artery, 587 
Axillary fossa, 14 
Axillary nerve, 430, 430f 
Axillary nodes, 650 
Axillary process, 886 
Axillary region, 14 
Axillary veins, 594 
Axis, 195f 
definition of, 197 
Axvaxonic synapses, 358, 358f 
Axodendritic synapses, 358, 358f 
Axon, 131-33, 133f, 345 
definition of, 345-46 
initial segment of, 363 
regeneration of, 351 
Axon hillock, 346 
Axon terminal(s), 346, 359 
Axosomatic synapses, 358, 358f 
Azygos, definition of, 597 
Azygos vein, 597 
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B 
Babinski reflex, 403, 440, 441/ 
Back 
muscles of, 289f 
surface anatomy of, 325f 
Backbone. See Vertebral column 
Bacterial count, in urine, 
laboratory testing of, 943 
Bacterial endocarditis, 605 
Bacterturia, 758 
Ball-and-socket joint, 231, 231f, 
232 
Baroreceptor reflex, 635f, 635-36, 
636f 
Baroreceptors, 466 
definition of, 634 
Barrier methods, of birth control, 
S93 
Bartholin, Casper, Jr., 876 
Bartholin’s glands, 876 
Basal body temperature, 884, 885f 
Basale, definition of, 138 
Basal metabolic rate (BMR), 812 
Basal nucler, 365, 388 
Base 
of metacarpal, 208 
of metatarsal bone, 216 
of patella, 212 
Basement membrane, 110 
Bases, 26, 261 
Basic solution, 26 
Basilar artery, 585 
Bastlir membrane, 485, 455f 
Basilic vein, 594 
Basophils, 553, 554/, 555¢ 
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Bayliss, Sir William Maddock, 
799-800 
Behring, Emil Adolph von, 655 
Bell, Sur Charles, 423 
Belladonna, detinition of, 457 
Bell's palsy, 285, 423 
Benign, detinition of, 151, 674 
Benzodiazepines, 366 
Bemard, Claude, 5, 16 
Beta cells, of pancreatic aslets, 531 
Beta chains, of hemoglobin, 707 
Beta globulins, 331 
Beta interterons, 654 
Beta thalassemia, 718 
Beta waves, 386, 386f 
Bicarbonate, 711, 712-13, 7134 
in blood, normal range for, 17¢ 
reabsorption of, in proximal 
tubule, 752f, 752-53 
Bicarbonate butter, 751 
Biceps, definition of, 283, 302 
Biceps brachii muscle, 298, 302¢ 
Biceps temoris muscle, 313, 314¢ 
Biceps reflex, 4401, 440f 
Bicipital groove, 204 
Bicuspid area, 574 
Bicuspid valve, 569 
Bile 
composition of, 7921 
production and secretion of, 
791-92 
regulation of, 803 
in-urine, laboratory testing of, 
943 
Bile canaheuli, 790 
Bile ducts, 790 
Bile salts, 792, 793f 
Bilirubin, 792, 793 
total, in serum, laboratory 
testing of, 941 
in-urine, laboratory testing of, 
943 
Bioenergetics, 75-79 
Biology, 2 
Biomechanics, of body movement, 
235-38 
Biopsy, 134 
Bipedal, definition of, 8 
Bipedal locomotion, 8 
Bipennate muscles, 281, 283f 
Bipolar cells, 498 
Bipolar limb leads, 603, 604f 
Bipolar neurons, 347 
Bitter taste, 475, 477 
Black lung, 690 
Blastocyst, LOSf, 109, 872-73 
formation of, 902, 9O2/ 
Blastocyst cavity, 902 
Blastomere, 902, 902s 
Bleaching reaction, 498 
Bleeding 
abnormal utecine, 890 
possible causes of, SITS 
contrablot, 561 
Blister, definition of, 155 
Blood, 130, 131. 549-64 
composition of, 551-58 
detoxthication of, 793 


distribution of, 6L5f 
laboratory testing of, 941-43 
normal measurement canyes for, 
Vie 
osmolality, regulation of, 97, 
97f 
oxygen content, 709f 
whole, oxygen content of, 707f 
Blood banking, 711 
Blood-brain barrier, 352, 371 
Blood clotting, 558-61, 559f 
acquired and inherited defects 
in, Jolt 
Blood flow, 623/ See also Cardiac 
output 
coronary, regulation of, 627-28 
physical laws describing, 
622-2 
regulation of 
extrinsic, 624-26, 625¢ 
Intrinsic, 626, 6271 
Paracrine, 625-26 
Parasympathetic, 625 
sympathetic, 624-25 
through skeletal muscles, 
628, 623f 
and vascular resistance, 622f, 


622-26 
Blood-gas measurements, 701-2, 
102 
Blood pressure, 623/, 633f, 633-40, 
634f 
measurement of, 636-38, 637f, 
638/ 


regularion of, 634-36 
Blood-testis barrier, 851 
Blood urea nitrogen 
in plasma, laboratory testing of, 
941 
in serum, laboratory testing of, 
941 
Blood vessels, 550, 579-83 
autonomic effects on, 455¢ 
Blood volume, 615-22, 634 
regulauion 
by aldosterone, 620-22 
by antidiuretic hormone, 
619-20, 620f 
hy kidneys, 619 
B lymphocytes, 656, 6561, 668f 
functions of, 656-62, 657f 
BMR. See Basal metabolic rate 
Body 
of cell, 133, 345 
of epididymis, 854 
vrowth of, effects of growth 
hormone on, 832-33 
of hyord hone, 190 
of mandible, 190 
of nail, 147 
of pancreas, 795 
of pents, 556 
of pubis, 211 
of rib, 200 
of sphenoid bone, 186 
of sternum, 199 
of stomach, 776 
of uterus, 573 
of vertebra, 194 


Body cavities, 15, 15f 
Body membranes, 116-17 
Body movement, 162 
Body organization, 8-10, 9f 
Body regions, 12-15, 13f 
Body systems, development of, 
9074 
Body water, distribution of, 616f 
Body wetghts, destrable, 8134 
Bohr, Christian, 710 
Bohr effect, 710, 710f 
Boil, definition at, 156 
Bolus, definition of, 773 
Bone(s) 
carcinoma of, 87t 
Classification in adult skeleton, 
16lt 
head of, 164¢ 
neoplasms of, 174 
shapes of, 164/, 164-65 
structure of, yross, 162-66 
surface features of, L64¢ 
Bone cells, 166 
Bone deposition, 170. See also 
Ossification 
Bone growth, 167-70 
Bone-lining cells, 166 
Bone marrow transplantation, 555 
Bone resorption, 170 
Bone scan, 174, 174f 
Bone tissue, 127-30, 129, 130, 
166-67, 168f 
compact, 129, 130f, 165, 167f, 
167 
phystology of, 170-73 
factors affecting, 171t 
spongy, 129, 165, 167 
Bony labyrinth, 478, 478f 
Bony orbits, 184 
Botulinus toxin, 363¢ 
Botulism, 797, 803 
Bouton, definition of, 359 
Bowman, Sir William, 730 
Bowman's capsule, 730 
Boyle, Robert, 693 
Boyle's law, 693 
Brachial anesthesia, 430 
Brachial artery, 302t, 587 
Brachial block, 430 
Brachialts muscle, 299, 302¢ 
Brachial plexus, 428-32, 429f 
branches of, 430f 
Brachial region, 13f 
Brachial veins, 594 
Brachu, definition of, 283 
Brachweephalie trunk, 583 
Brachtocephalic vein, 594 
Brachioradhalis muscle, 299, 302¢ 
Brachtoradialis reflex, 4401, 440/ 
Brachium, 15 
anterior view at, 330f 
bones of, 203-5 
muscles of, 300f, IO1/ 
Bradycardia, definition of, 603 
Brady kinin, 541, 625, 633 
Braille, 470 
Braille, Louis, 470 
Brain, 7 


hlood supply to, 585, 587f, 
630-32, 632f 
development of, 378-79 
interror view of, 351f 
and Linguaye, 388-90, 3589f 
lateral view of, 380f 
midsagittal section of, 388f 
of newborn, 376 
sagittal view of, 38S1f, 382f 
size and development, 8 
Brain stem, 392 
respiratory Centers, 393f, 
703-4, 704f 
Brain waves, 386f, 386-87 
Breast(s) 
diseases of, 892-93 
structure of, S86f, 886-87 
Breast cancer, 296, 887, 892 
sites and incidence of 
occurrence of, 895f 
Breast self-examination (BSE), 
890, 895, 895f 
Breathing, 79 
mechanics of, 695-99 
phases of, 290 
regulation of, 702-6 
Breech birth, 922 
Breuer, Joset, 706 
Brevis, definition of, 283 
Broad lgament(s), 873, 877 
Broca, Pierre P., 388 
Broca’s area, 388 
Bromocriptine, 888 
Bronchial artery, 589 
Bronchial segments, 691 
Bronchial tree, 689-90 
Bronchioles, 689, 690f 
Bronchitis, 720 
Bronchoconstriction, 698 
Bronchopulmonary segment, 692f 
Bronchus, 688f 
definition of, 689 
Brunner, Johann C., 781 
Brunner’s glands, 781 
Brush border, 782 
Brush border enzymes, 782, 783¢ 
BSE. See Breast self-examination 
(BSE) 
Buccal, definition of, 770 
Buccal cavity, 179, 766, 770 
Buccal glands, 773 
Buccinator muscle, 285¢ 
Buchner, Eduard, 70 
Butter pair, 27 
Butters, 26-27 
Bulbar conjunctiva, 490 
Bulbospongiosus muscle, 293, 295¢ 
Bulbourethral glands, 755, 855-56 
Bulbs of Krause, 469 
Bulbus cordis, 602 
Bundle of His, 576 
@-Bungarotoxin, 363¢ 
Burns, 151 
Classification of, 151, 152f 
rule of nines for, 151, 15 
Bursae, 228, 229f 
Bursitas, 246 
Buttock, 15 
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Cable properties, of neurons, 356 
Cachenia, definition of, 542 
Cadavers, definition of, 2 
Catteine, 336 
Caleaneotibular hgament, 245 
Caleaneus, 216 
definition of, 216 
Caleitication, 167-68 
Calcitonin, 173, 528 
effect on bone physiology, 17 1t 
Calcium 
in blood, normal range for, 17t 
as second messenger, 537-38, 
S3sy, 538r 
in serum, laboratory testing of, 
941 
in urine, laboratory testing of, 
943 
Calcium and phosphate balance, 
negative teedback 
control of, 173 
Calcium channel blockers, 274 
Calculus(1), 759-60 
definition of, 754 
Calt, 15 
Callus, 140, 220 
definition of, 220 
Calmodulin, 274-75, 359, 537-38 
Caloric requirements, 812 
Calories, 76 
deficiency, symptoms of, 139t 
Calorigenie effects, $30 
cAMP. See Cycle adenosine 
monophosphate (CAMP) 
Canaheul, 130, 167 
Canal of Schlemm, 494, 494f 
Cancellous bone. See Spongy bone 
Cancer, 11, 674. See also 
Neoplasms, Tumors 
of breast, 296, 887, 892 
sttes and incidence of 
occurrence of, 895f 
cell division in, 66 
definition of, 675 
immune therapy tor, 675 
and killer T cell, 674, 674f 
lung, 147 
pancreatic, 795 
prostate, 87t, 867 
In respiratory system, 720 
skin, 143 
of uterus, SYO 
vandida albicans, S92 
‘anine(s), PS> 
detinttiion of, P88, 771 
‘annon, Walter, 16 
Tanthi. of eye, 489 
Lapacitance vessels, O15 


~ 


“apacitatran, SYO 
‘apillanies, 979-82, S82f 


discontinuous, 582 


ee 


Hhard exchanve wath tissues, 
616-15, O17 
types ot, Isd-s2 
Capillary action, 26 
Capillary tracture, 219 


Copitate, definition of, 208 
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Capitate bone, 208 
Capitulum, 204 
definition af, 204 
Capsular space, 730 
Captopril, 621 
Carbaminohemoglobin, 711 
Carbohydrates, 29-32 
in cell membrane, 43-44, 44f 
definition of, 29 
digestion and absorption of, 796 
metabolism of, S16-17 
Carbon, 22¢, 234 
Carbon dioxide, in serum, 
laboratory testing of, 941 
Carbon dioxide transport, 711-12, 
Tl2f 
Carbonic anhydrase, 711, 752 
Carboxyhemoglobin, 708 
Carbosypeptidase, 797 
Carbuncle, definition of, 156 
Carcinoembryonic antigen tests, 
674 
Cardia, 776 
Cardiac center, 395 
Cardiac control centers, 613, 634 
Cardiac cycle, 573 
pressure changes during, 
573-74 
Cardiac failure, 643 
Cardiac muscle, 131, 132f, 132, 
2561, 273, 2751, 446 
Cardiac notch, 691 
Cardiac output, 612-15. See also 
Blood flow 
distribution of, 622¢ 
during rest and work, 629f 
regulation of, 615 
Cardiac rate, 573, 612, 634 
and ave, 630r 
regulation of, 612f, 612-13 
Cardiac tamponade, 566 
Cardiac veins, 571 
Cardinal ligaments, 873 
Cardiogenic, definition of, 602 
Cardiogenie area, 602 
Cardiogente shock, 642 
Cardiovascular regularion, 391 
Cardiovascular structures, in fetus, 
603 
Cardiovascular system, 350 
Carma, definition of, 689 
Carotene, definition of, 140 
Caroud, detinition of, 383 
Carotd body(ies), 583, 703-4, 
704/ 
Caroud canal, 179t, 185 
Carotid sinus, 583 
Carpal bones, 209t 
Carpus, 206-5 
definition at, 206 
Carner-mediated transport, 92, 
97-100, Ysf 
Carner proteins, 93 
Cartilage tissuc(s), 126-27, 129¢ 
Cartiliginous points, 224, 226, 2328 
Cauruncle, definition of, 459 
Catabolism, S14 
definition ot, 79 


Catalyst 
action of, 71f 
definition of, 70 
Cataracts, 505, 508 
Catecholamine-O- 
methyltransferase, 364 
Catecholamines, 455, 514, 534 
mechanism of action, 536-38 
as Neurotransmitters, 364-66 
Cations, 24 
Cauda equina, definition of, 402 
Caudal, detinition of, 12¢ 
Caudate lobe, of liver, 789 
Caudate nucleus, 388 
Cavernosa, definition of, 856 
Cavities, 773 
body, 15, 15f 
CCK. See Cholecystokinin 
Cecum, definition of, 785 
Celiac ganglia, 449-50, 451 
Celiac sprue, 786-87 
Celiac trunk, 589 
Cell 
components of, structure and 
function of, 43¢ 
definition of, 8 
growth and reproduction of, 66 
life cycle of, OL, Of 
and cancer, 66 
programmed death of, 49 
structure of, 41-68, 42/ 
Cell body, 133 
of neuron, 345 
Cell division, 60-62 
Cell-mediated immunity, 656 
Cell membrane 
adaptations of, 44-46 
definition of, 42 
diffusion through, 92-93 
selective permeability of, 92 
semipermeability of, 93 
structure and function of, 
42-44, 431 
structure of 
fluid-mosare model of, 43, 
44) 
Cell respiration, 79 
aerobic, 79 
anaerobic, 80-82, SIf 
Cells of Leydig, 533, 848 
Cell theory, 5 
Cellular level, 8-9 
Cellular phystology, 5f 
Cementum, 773 
Center, of retlex arc, 437 
Central canal, 130, 167, 398, 403 
Central chemoreceptors, 703 
Central nervous system, 345, 
375-414, 376) 
characteristics of, 376-80 
Clinical Considerations 
regarding, 407-1 
controlot ventilatian, 705f 
definition et, $45e 
meninges of, VO-95, 397{ 
neoplasms at, 441 
tumors of, 41 
Central sulcus, 354 


5 


Central vein, of liver lobule, 790 
Centrioles, 61f 
definition of, 61 
Centromere, 61, 62f 
Centrosome(s), 6Ff 
definition of, 61 
structure and tunction of, 43¢ 
Cephalic, definition of, 12¢ 
Cephalic phase, of gastric 
regulation, S801 
Cerebellar cortex, 393 
Cerebellar peduncles, 393-94, 395f 
Cerebellar vein, 594 
Cerebellum, 393-94, 394f 
definition of, 393 
functions of, 394 
trauma ot, 394 
Cerebral angiogram, 409 
Cerebral aqueduct, 398 
Cerebral arterial circle, 585, 588f 
Cerebral cortex, 383 
Cerebral gyri, 383 
Cerebral lobes, functions of, 384e 
Cerebral palsy, 394, 411 
Cerebral peduncles, 392 
Cerebral sules, 383 
Cerebral vein, 594 
Cerebrospinal tluid, 376, 398, 
399-401 
flow of, 400f 
Cerebrovascular accident (CVA), 
412 
Cerebrum, 380-90 
coronal section of, 383f 
definition of, 380 
lateral view of, 382f 
lobes of, 384f, 384-87 
structure of, 380-83 
superior view of, 382 
transverse section of, 383f 
trauma to, 386 
white matter of, 387 
Cerumen, 482 
definition of, 149 
Ceruminous glands, 149, 482 
Cervical canal, 873 
Cervical curve, IYL, 194f 
Cervical enlargement. 401-2 
Cervical nodes, 650 
Cervical plexus, 425, 428/ 
branches of, 4291 
Cervical region, 12, 134 
Cervical sympathetic ganglia, 449 
4504 
Cervical vertebrac, 191, 196-97 
Cervix, 12, 873 
definition of, 873 
Cesarean section, 922 
Chalazion, 508 
definition of, 490 
Chambers, of heart, 567-70 
Chancre, detinition of, 865 
Cheeks, 770-71 
Chemical bonds, 23, 234 
Chemical element, 22-23 
Chemically regulated gates, 3604, 
400-61 
Chemical synapses, 359f, 359-60 
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Chemoreceptors, 465 
in medulla oblongata, 705-6 
sensitivity to changes in blood 
yases and pH, 707¢ 
Chemotaxis, 652, 661 
Cheyne, John, 720 
Cheyne-Stokes breathing, 720 
Chiasma, detinition of, 420 
Chiet cells, 777 
Childbirth, clinical considerations 
regarding, 925-28 
Chailitis, definition of, 806 
Chimera, detinition of, 673 
Chloride, in serum, laboratory 
testing of, 94] 
Chloride shitt, 711-12, 712f 
Choana, 384 
Cholecystokinin (CCK), 366, 800, 
802, 823 
Cholera, 786 
Cholerte, definition of, 2 
Cholesterol, 34, 34f, 606-8 
total, in serum, laboratory 
testing of, 941 
Cholinergic, 455 
Cholinergic drugs, 462 
Cholinergic stumulation, 457, 458¢ 
Cholinergic sympathetic fibers, 
624-25 
Chondrnus, definition of, 251 
Chondrocranium, definition of, 
192 
Chondrocytes, 126, 167 
Chordae tendineae, 569 
Chordata, 7, 7f 
Chorea, detinition of, 403 
Chorion, 902, 910 
detinition of, 910 
Chonon trondosum, 911 
Chorionic gonadotropin. See 
Human chorionic 
gonadotropin (hCG) 
Chorionic somatomammotropin 
(hCS), 912 
Chorionic villus biopsy, 910 
Choroid 
definition of, 491 
development of, 504 
Choroid plexus, 391, 399 
Chromaftin cells, 526 
Chromatids, 61, 62f 
Chromatun 
definition of, 53 
structure and function of, 43¢ 
Chromatophilic, definition of, 345 
Chromatophilie substances, 345 
Chromoprotein, detinition of, 38 
Chromosome(s), 62f 
autosomal, 04 
homologous, 62 
male, 64f 
sex, 64 
Chrome obstructive pulmonary 
disease (COPD), 719 
Chronotropic, definition of, 612 
Chronotropic ettect, 612 
Chylomicrons, 798 
Chyme, definition of, 776 
Chymotrypsin, 797 


Cilia, 45-46, 47f, 686f 
definition of, 45 
structure and function of, 434 
Cihary, development of, 504 
Ciliary body, 491, 492, 492f 
Cihary ganghon, 451-52 
Ciliary glands, 490 
Circadian rhythms, 524-26 
Circle of Willis, 585, 588f 
Circular layer, of stomach, 777 
Circular movement, 231, 233-34 
Circulating energy substrates, 822, 
822 
Circulation 
changes during exercise, 
28-30, 630f, 631f 
fetal, 600-603, 601f 
Circulatory routes, 570-71 
Circulatory shock, 641-42 
cardiovascular reflexes that 
compensate for, 642t 
Circulatory system, 549-64, 
565-610, 571f, 611-46 
clinical considerations 
regarding, 603-8, 
640-43 
components of, 550-51 
functions of, 550 
Interactions 
with digestive system, 808 
with endocrine system, 546 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
644 
with reproductive system, 
868 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
prostaglandin regulation of, 542 
Circumeision, 856-57 
Circumduction, 234, 234f 
Circumtlex, detinition of, 571 
Cirrhosis, 790 
Cisterna chyli, definition of, 649 
Cisternae, 58 
Cisternal puncture, 409 
Citrate, 561 
Citic acid cycle, $3 
Classification, of humans, 6-8, 8¢ 
Class Mammalia, 7-8 
Clavicle, 203, 203f, 209t 
definition of, 203 
fractures of, 203 
Clavicular notch, 199 
Cleavage, 902 
Cleft lip, 173, 189. 718 
Cletr palate, 173, 189, 718 
Clinteal considerations 
and autonomic nervous system, 
401-62 
and central nervous system, 
407-12 
and circulatory system, 603-8, 
640-43 


and digestive system, 803-6 
and endocrine system, 542-45 
and female reproductive system, 
SSS-94 
and immune system, 676-79 
and metabolism, 833-35 
and muscles, 317-22 
and nervous system, 369-71 
and reproduction, 925-28 
and reproductive system, 
863-67 
and respiratory system, 718-21 
and sensory organs, 503-8 
and urinary system, 757-60 
Clitons, 876 
development of, 859 
Cloaca, 756 
Cloacal membrane, 804 
Clonal anergy, 673 
Clonal deletion theory, 673 
Clonal selection theory, 664, 664f, 
665t 
Clonidine, 461-62 
Closed fracture, 219 
Clostridium botulinum, 797, 803 
Clot retraction, 559 
Clots 
dissolution of, 560-61 
formation of, 558-60 
Clotting factors, 559-60, 560¢ 
Clubfoot, 217, 217f 
CNS. See Central nervous system 
Coactuvation, 473 
Coarctation, 608 
Cocaine, 364-65 
Coccygeal cornu, 198 
Coccygeal vertebrae, 191 
Coccygeus muscle, 292, 295¢ 
Coccyx, 198f 
definition of, 198 
Cochlea, 11, 478, 478f, 483-85, 
484f 
definition of, 483 
Cochlear duct, 483, 484f, 485f 
development of, 488 
Cochlear nerve, 423-24 
Cochlear nucle, 423 
Cochlear window, 483 
Codons, 55, 35t, 56f 
Coelom, 15 
Coenzymes, 73 
Cofactors, 73, 73f 
Cold, common, 720 
Cold sore, definition of, 156 
Colipase, 798 
Colius, definition of, 806 
Collagen, 38, 38f 
definition of, 122 
Collagenous tibers, 122 
Collateral axons, 346 
Collateral branches, 346 
Collateral ganglia, 449-50, 451f 
Collateral huaments, 241, 245 
Collecting duct, 731, 740-42 
transport properties of, 740f 
Colles’ fracture, 203, 219 
Colliculus, detinition of, 392 
Colloid, 525 
Colloid osmotic pressure, 617 


Colorblindness, 500 
red-green, 924-25 
Color viston, 500 
Colostomy, definition of, 806 
Colostrum, 665 
Columnar cells, 110 
Coma, 396, 410 
diabetic versus hypoglycemic, 
835r 
Comatose, definition of, 410 
Comedo, definition of, 156 
Commuinuted fracture, 219, 219f 
Commussural fibers, 387 
Commussure 
definition of, 403 
of eye, 459 
Common bile duct, 781, 793 
Common cold, 720 
Common fibular nerve, 436, 436f 
Common hepatic artery, 589 
Common thac arteries, 589 
Common thac vein, 597 
Communication, by skin, 145 
Compact bone, 129, 130f, 165, 
167f, 167 
Comparative anatomy, 5f 
Comparatuve phystology, 5f 
Compartmentalization, of lungs, 
692 
Compensated acidosis, 713¢ 
Compensated alkalosis, 71 3¢ 
Complement, 660 
Complementary base pairing, law 
of, 52 
Complementary effects, in dual 
innervation, 459 
Complement fixation, 660, 660f 
Complement proteins, 661, 661f 
Complement system, 660-61 
Complete fracture, 219 
Complete tetanus, 259 
Compliance, 693 
Compound fracture, 219 
Compound glands, 117 
Computed tomography, 10f, 
10-11, 409 
Computerized axial tomographic 
scanner, 409 
Concentration gradient, 92 
Conceptus, 906 
Conchae, definition of, 187 
Concusston, 410 
Condensation, 30-32 
Condoms, 893, 894f 
temale, 894f 
Conducting division, of respiratory 
system, 684-90 
Conduction 
ol impulses, 401 
in myelinated axons, 357, 357f 
of nerve unpulses, 356-57, 465 
in unmyelinated axons, 356-57, 
357f 
Conduction aphasia, 389 
Conduction deatness, 507 
Conduction myotibers, 576 
Conduction without decrement, of 
action potentials, 357 
Condyle, 1641 
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Condylond, definition of, 190 
Condylowd younts, 229, 230%, 232¢ 
Condyloid process, of mandible, 
190 
Cones, 498, 500} 
and color vision, 500 
Congenital cataracts, 506 
Congenital deatness, 506 
Congenital maltormations, 928 
Conjoined twins, 926 
Conjugated bilirubin, 792 
Conjunctiva, 490 
development of, 504 
Conyuncuval sac, 490 
Conjunctivitis, 508 
Connecting stalk, 914, 914f 
Connective tissue(s), 107, 120-30 
adipose, 124-26, 126f, 127¢ 
associated, 255 
characteristics and 
classitication of, 120-21 
dense irregular, 122, 124f, 127¢ 
dense regular, 122, 123f, 127¢ 
elastic, 124, 125f, 127¢ 
embryonic, 121 
mucous, 121 
Osseous, | 27 
reticular, 124, 125f, 127¢ 
vascular, 130, I31f 
Connective tissue proper, 122-26, 
127 
Conn’s syndrome, 750 
Conon tubercle 
of clavicle, 203 
definition of, 203 
Constrictor muscles, 774-75, 775f 
Contact dermatitis, 678 
Continuous ambulatory peritoneal 
dialysis (CAPD), 760 
Continuous capillaries, 581 
Contraceprion, methods of, 893, 
S94} 
Contraceptive pill, 884-85, 894f 
Contraceptive sponge, 894f 
Contractility, 131, 613 
extrinsic control of, 614 
Contraction 
calcium in, 268 
duration of, 576f 
mechanisms of, 260-70 
regulation of, 267-70 
shding filament theory of, 
263-67, 265¢, 265f 
Contraction strength, intrinsic 
control ot, 614 
Conus medullaris, 402 
Convergence, 449 
Convergent muscles, 281, 283f 
Convolutrons, 383 
Convulsion, detinition of, 322 
Cooper, Sur Astley Fr. 887 
Cc LOPETALIVE effects, in dual 
innervation, 459 
Coracobrachialts muscle, 297-98 
Coracohumeral huament, 241 
Coracond, detinition of, 203 
Coracond process, 204 
Con, Carl F., 82 


Con cycle, 82, 82f 
Corn, detinition of, 156 
Cornea, 49 1, 492} 
detinition of, 492 
Corneum, definition of, 140 
Corniculate, definition of, 687 
Cornteulate cartilages, 687 
Cornu, definition of, 190 
Corona, definition of, $56 
Corona ylandis, 856 
Coronal pline, 11 
Coronal suture, 184, 192-93 
in developing skull, 193f 
Corona radiata, 875, 899, 9O0f 
Coronary arteries, 371, 583 
Coronary bypass surgery, 628, 628f 
Coronary circulation, 571, 572 
Coronary sinus, 569, 571 
development of, 602 
Coronary sulcus, 569 
Coronoid, detinition of, 190 
Coronoid tossa, 204 
Coronoid process 
of mandible, 190 
oftulna, 205 
Corpora cavernosa 
of clitors, 876 
of penis, 856 
Corpora quadrigemina, definition 
of, 392 
Cor pulmonale, 719 
Corpus albicans, 880 
Corpus callosum, 380, 387 
Corpuscle, definition of, 467 
Corpuscles of touch, 467 
Corpus luteum, 533, 883 
definition of, 875 
Corpus spongiosum pents, 856 
Corpus striatum, 388 
Corrugator muscle, 285¢ 
Cortex, definition of, 450 
Cortex layer, 376 
Ce rtt, Alfonse, 423, 485 
Cortical nephrons, 731, 732f 
Cortical tissue, 650 
Corticonds, 526 
Corticospinal tracts, 403 
Corticosteroids, 34, 526 
Corticotropin, 520 
Cortcorropin-releasing hormone 
(CRH), 521 
Cortsel, 527 
Cortisone, 672 
Costal, definition of, 199 
Costal angle, 199 
Costal cartilage(s), 127, 198, 200 
Costal groove, 200 
Costal margin, 199 
Costal notches, 199 
Costal surtace, of lung, 691 
Costal tuberosity, of clavicle, 203 
Cotransport, 100, 100f, 101f 
Coughing, [11 
Coumarins, 561 
Countercurrent exchange, 739, 
739 
Countercurrent muluplier system, 
737-40, 735f 


Coupled reactions 
adenosine triphosphate, 76-78, 
77 
oxidation-reduction, 78-79 
Covalent bonds, 23-24, 27 
Cowper, William, 755 
Cowper's wlands, 755, 855-56 
Coxa, definition of, 209 
Cowal joint, 241-42, 243f 
Coxarthrosts, definition of, 251 
Cramp, 319 
Cranial, definition of, 12¢ 
Cranial bones, 179, 154-88 
Cranial cavity, L5f, 179 
floor of, 182/ 
Crantal dura mater, 396 
Cranial nerves, 416f, 417f, 
417-26, 418¢-419t 
dysfunction of, methods of 
determining, 426t 
mnemonic for, 419 
neurological assessment of, 426 
structure and function of, 
417-26 
Crantal region, 12, 13f 
Crantal root, of accessory nerve, 
424 
Crantosacral division, 451 
Cranium, 12 
Creatinine 
plasma, measurement of, 744 
in serum, laboratory testing of, 
941 
in urine, laboratory testing of, 
943 
Creatinine clearance, in urine, 
laboratory testing of, 943 
Creatinine kinase, 271 
Creatinine phosphate, 271 
Creatinine phosphokinase (CPR), 
271, 608 
in serum, laboratory testing of, 
941 
Cremaster, definition of, 845 
Cremasteric reflex, 440¢ 
Cremaster muscle, 545 
Crenation, 97f 
definition of 96 
Crest, 164¢ 
Creuunism, 543, 830 
familial, 929 
CRH. See Corticotropin-releasing 
hormone (CRH) 
Crib death, 720 
Cribritorm detinition of, 187 
Cribriform plate, of ethmoid bone, 
[87-88 
Cricoid cartilage, 687 
Crista ampullaris, 480 
Cristae, of mitochondria, 49f, 
49-50 
Crista gall 
definition otf, 187 
of ethmoid bone, 187 
Cross bridges, 264-67, 260f, 269f 
Crossed extensor reflex, 438, 439 
Crossing over, of Chromosome 
material, 65, 66f 
Cross-sectional planes, 11 


Crown, of tooth, 773 
Cruciate, definition of, 245 
Crural muscles, 313-17, 315f-317f, 
318¢, 319f-320/ 
Crus, definition of, 856 
Crutch paralysis, 431 
Cryptorchidism, 863-64, B64f 
definition of, 863 
CSF. See Cerebrospinal Muid 
CT, 10-11, 409 
CT scanner, 409 
Cuhital fossa, 15 
Cubital nodes, 650 
Cubiral region, 15 
Cubordal cells, 110 
Cuboid bone, 216 
Cumulus oophorus, definition of, 
875 
Cuneiform, definition of, 687 
Cuneiform cartilages, 687 
Cupula, 480, 481f 
Curare, 362, 3631 
Curettage, 134 
Cushing, Harvey, 543 
Cushing's syndrome, 543 
Cuspids, 771 
Cutaneous absorption, 144 
Cutaneous prepatellar bursa, 245 
Cutaneous receptors, 144, 465, 
467-68, 468f 
CVA. See Cerebrovascular 
accident 
Cyanide. 85 
Cyanosis, definition of, 141, 719 
Cycles per second (cps), 482 
Cyclic adenosine monophosphate 
(cAMP), as second 
messenger, 336, 537f, 
5370, 53h 
Cyclo-oxygenase, 541 
Cyclopia, 506 
Cycloplegic drug, 504 
Cystic, detinition of, 793 
Cystic duct, 793 
Cystic fibrosis, 99, 718 
definition of, 806, 929 
Cystic vein, 600f 
Cystitis, 754, 759 
Cystoscopy, 759 
Cytochromes, 84 
Cytokines, 540, 669 
Cytology, 5f 
Cytoplasm, 46-48 
definition of, 42 


Index 


structure and function of, 43¢ 
Cytoplasmic receptor proteins, 535 
Cytosine, 32, 52f 
Cytoskeleton, 47-48, 45f 
Cytotrophoblast, 903 


Dalton, John, 700 

Dalton's law, 700 
Dandrutt, definition of, 156 
Dark adaptation, 499 

Dark current, 499 

Dartos, detinition of, 845 
Dartos muscle, 845 
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dB. See Decibels 
Deatness, 507-8 
Death, somatic, 134 
Decibels (UB), 482 
Deendua basalts, 911 
Deciduous, detinition of, 771 
Deciduous teeth, 771 
eruption of, 772 
Decompression sickness, 721 
Decubitus, detinition of, 142 
Decubitus ulcer, 142, 142f 
detinition of, 156 
Decussation, definition of, 403 
Deditferentiation, definition of, 
674 
Deep, definition of, 12¢ 
Deep brachial artery, 587 
Deep circumflex thac artery, 590 
Deep digital flexor muscle, 305 
Deep fascia, 255 
Deep temoral artery, 590 
Deep femoral vein, 597 
Deep tibular nerve, 436 
Deep intrapatellar bursa, 245 
Deep inspiration, 697 
Detecation retlex, 787 
Defense mechanisms, 651-56 
Deterens, definition of, 854 
Definitive hair, 146 
Deglutition, 775-76 
definition of, 766 
De Humani Corports Fabrica, 4, 4f 
Dehydration, 619 
Dehydration synthesis, 30-32, 31f 
Dehydrocholesterol, 144 
Dehydr wenases, 70 
Delayed sensitivity reaction, 667 
Delirnum, 410 
Delta waves, 386f, 387 
Delton, detinition of, 204, 300 
Deltoid hgament, 245 
Deltoid muscle, 297-98, 300¢ 
Deltoid region, 15 
Deltoid tuberosity, 204 
Dendrites, (3, 345 
Denervation hypersensitivity, 447 
Dens, 197 
Dense bone. See Compact bone 
Dense irregular connective Ussue, 
122, 124f, 1271 
Dense regular connective tissue, 
122, 123f, 127e 
Dental cares, 773 
Dental formula 
for deciduous denuiaon, 773 
for permanent dentigon, 773 
Dennin, definition of, 773 
Deoxyhemoglobin, 707 
Deoxyribonuclere acid (DNA), 51, 
52, 53f 
codons, She 
replication, 59-60, 60f 
synthesis, 58-60 
Deoxyribose, 52, 53f 
Depolarization, 352f, 353, 354 
De pressed tracture, 219 
Depression, 235, 235 
Depressor anguli ors muscle, 255¢ 


Depressor Labi interioris muscle, 
285¢ 
Dermabrasion, definition of, 156 
Dermatins, detiniuon of, 156 
Dermatoglyphics, 141 
Dermatology, definition of, 156 
Dermatome, definition of, 442 
Dermis, 1407, 143 
layers of, 143 
Descending colon, 785 
Descending limb, of nephron loop, 
731, 738 
Descending tracts, 401, 404f, 406f, 
4061-4071 
Desensitization, to hormones, 539 
Detachment, of retina, 508 
Detrusor muscle, 754 
Deuteranopia, 500 
Development 
of appendicular skeleton, 218, 
218f 
of brain, 378-79, 378f-379f 
of digestive system, 804, 805f 
of ear, 488, 489f 
of eye, 504, 505f 
of female reproductive system, 
889 
of heart, 602, 602 
of integumentary system, 148, 
149f 
of peripheral nervous system, 
442, 442 
of prturtary gland, 525, 525f 
prenatal. See Prenatal 
development 
of reproductive system, 859, 
RO0f—8624 
of respiratory system, 717, 717f 
of skeletal muscles, 276, 276f 
of skeletal system, 163, 163f 
of skull, 192f, 192-93, 193f 
of spinal cord, 408, 408f 
of synovial yornts, 248, 248f 
of tissues, 1O8/, 108-9 
of urinary system, 756, 757f 
Developmental abnormalities 
of eyes and ears, 505-6 
of lower extremity, 216-17 
of nervous system, 370 
of reproductive system, 863-64 
of respiratory system, 718 
of skeletal system, 173 
Developmental anatomy, 5f 
Diabetes, definition of, 543 
Diabetes insipidus, 543, 742 
Diabetes mellitus, 88, 98, 103, 544, 
670, 676, 747, 819, 825, 
833 
Diabetic coma, versus 
hypoglycemic coma, 835¢ 
Dialysis, 103, 760 
Diapedesis, 652, 653 
definition of, 553, 652 
Diaphragm, 15f, lof, 290 
definition at, 696 
Diaphragm (contraceptive), 893, 
494) 
Diaphysis, definition of, 165 


Diarrhea, 786-87, 806 
Diarthroses, 22 
Diastole, definition of, 573 
Dichromats, 500 
Diencephalon, 390-92 
coronal section of, 383f 
development of, 379 
transverse section of, 383f 
Diffusion, 92, 355 
definition of, 93 
facilitated, 92, 98f, 98-99 
net, 92, 92f 
rate of, 93 
through cell membrane, 92-93 
Digastric muscle, 288 
Digestion, 765, 766 
of carbohydrates, 796 
of lipids. 798, 799f 
of proteins, 796-97, 798f 
in stomach, 778-79 
Digestive system, 764-810, 766f 
clinical considerations 
regarding, 803-6 
development of, 804, 805f 
funcuonal activities of, 766 
INTETACTIONS 
with circulatory system, 644 
with endocrine system, 546 
with immune and lymphatic 
systems, 680 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
808 
with reproductive system, 
868 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
prostaglandin regulation of, 542 
regulation of, 799-803 
Digital arteries, 591 
Digitalis, 643 
Digital primordia, 916 
Digital rays, 218 
Dihybrid cross, 923-24, 924f 
Dihydrotestosterone, 841, 841 
1,25-Dihydroxyviramin Dy, 171-72 
effect on bone phystology, 17 1¢ 
production of, 172/ 
Diiodotyrosine (DIT), 529 
Dilation stage, of labor, 921, 921f 
Diodrast, renal clearance of, 745 
2,3-Diphosphoglycerie acid (2,3- 
DPG), ctlect on oxygen 
transport, 710-11 
Diploe, 165/ 
Diplo, definition at, 839 
Diplopia, 491, 508 
Directhonal terms, TE, 12, 12 
Disac c hande, 30 
Discontinuous capillaries, 582 
Discover, 6 
Diseases 
Alzheimer's. See Alzheimer’s 
disease 


of breasts, 892-93 
of ear, 506 
of eye, 508 
of joints, 249-50 
of male reproductive system, 
865-67 
of mammary glands, 892-93 
of muscles, 319-22 
of myelin sheath, 370-71 
of nervous system, 412 
pelvic inflammatory. See Pelvic 
inflammatory disease 
sexually transmitted. See 
Sexually transmitted 
diseases (STDs) 
of skin, 150 
of vagina, 892 
of vulva, 892 
Dislocated articular facet, 249 
Dislocation, 245-46 
of shoulder, 241 
of temporomandibular joint, 
240 
Disorders 
of adrenal glands, 543 
venetic, 929 
intestunal, 806 
of liver, 803-6 
of nervous system, 410-12 
of pancreanie islets, 544 
of parathyroid glands, 544 
of pituitary gland, 542-43 
of respiratory system, 719-20 
of thyroid glands, 543-44 
Displaced fracture, 219 
Dissolved carbon dioxide, 711 
Distal, definition of, 12¢ 
Distal convoluted tubule, 731 
transport properties of, 740f 
Disuse atrophy, 134 
Disynaptic reflex, 474f 
Diureuc, definition of, 620 
Diuretics, 641, 757-58, 758r 
Divergence, 449 
Diverticulitis, 806 
Diverticulosis, 806 
Dizygoue twins, 926, 927f 
DNA. See Deoxyribonucleic acid 
(DNA) 
DNA polymerase, 59 
Dominant allele, 923 
traits determined by single, 923 
Dominant retinitis Plumentosa, 
499 
Donor site, for skin uratt, 151 
Dopamine, 352, 364-66 
Dopaminergic Neurons, 364-65 
Dormitory effect, 526 
Dorsal, definition of, 12 
Dorsal hollow nerve cord, 7 
Dorsal interosser muscles, 302¢, 
305, 307r, 321 
Dorsal motor nucleus, 424 
Dorsal pedal artery, 59] 
Dorsal root, of spinal nerve, 427 
Dorsiflexion, 232, 2 33f, 237 
Dorsum 
of foor, 15 
of hand, 15 
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Double covalent bond, 
Double helix, 52,5 i 
Double vision, 491 
Down, John L. H., 910 
Downregulanion, 539 
Down syndrome, 910, 928 
2,3-DPG. See 2,3-Diphosphogly- 
cere acid (2,3-DPG) 
Drug abuse, 409 
Drugs, and autonomic nervous 
system, 461-62 
DSR. See Dynamic spatial 
Teconstructor (DSR) 
scan 
Dual innervation 
organs with, 459 
organs without, 459 
Duet(s) 
alveolar, 690 
bile, 790 
cochlear, 453, 484f, 455f, 489 
collecting, 731, 740f, 740-42 
common bile, 781, 793 
eystic, 793 
eyaculatory, 854, 859 
hepatic, 789, 790 
lacrimal, 504 
lactiterous, S87 
lymph, 648-49 
mammary, S87 


ax 


mesonephric, 859 
Mullerian, 859, S89 
nasolacrimal, 685 
pancreatic, 781, 794f 
paramesonephric, 859, 889 
parotid, 774 
pronephric, 756 
Rivinus's, 774 
spermatic, 553-54 
Stensen's, 774 
sublingual, 774 
submandibular, 774 
thoracic, 648 
Wharton's, 774 
Wolttian, 859 
Ductus arteriosus, 601f 
patent, 605 
Ductus deterens, 854, 854f 
ampulla of, S54 
development of, 559 
Duetus venosus, OOLf 
Duodenal glands, 781 
Duodenal papilla, 781 
Duodenoeyunal flexure, 751 
Duodenum, 16f 
definition of, 781 
Dural sheath, 396 
Dural sinuses, 396 
Dura mater 
crantal, septa of, 39S8e 
definition of, 396 
Dust mites, 675, 679f 
Dwartism, 173,532 
Dynamic spatial reconstructor 
(DSR) scan, 409 
Dysentery, definition at, S03 
Dyslexia, definition of, 412 
Dysmenorrhea, S91 
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Dysplasia, 892 
Dyspnea, definition of, 699, 700t 
Dysurta, 758 


E 
Ear(s), 453) 


developmental problems of, 
505-6 
development of, 488-89, 489f 
dtagnosts of, 503-4 
diseases of, 306 
Infections af, 506 
inner, 179, 483f, 488 
middle, 483, 483/ 
outer, 482-83, 483f 
Eating, 822-23 
Eccrine sweat gland, 147f, 148 
ECG. Sce Electrocardiogram 
(ECG) (EKG) 
Ectoderm, 904-5 
definition of, 109, 904 
derivatives of, 109r 
Ectopic, definition of, 873 
Ectopic pacemaker, 575, 577, 604 
Ectopte pregnancy, 873, 890-91, 
9257, 926 
Eczema, definition of, 156 
Edema, 94 
causes and effects of, 618, 618f 
Effectors, 17 
antagonistic, 18, 18f 
integumentary, 142 
Efferent arterioles, 730 
Efferent ductule(s) 
detinition of, 848 
development of, 859 
Efferent neurons, 346-47 
definition of, 345¢ 
Ehrlich, Paul, 675 
Eyaculatory duet, 854 
development of, 859 
Eyection, 573, 573f 
EKG. See Electrocardiogram 
(ECG) (EKG) 
Elastase, 797 
Elastic arteries, 579 
Elastic cartilage, 127, 129f, 129¢ 
Elastic connective tissue, 124, 
125f, 127¢ 
Elastic tibers, 122 
Elasticity, 693-94 
Elastin, definition of, 122 
Elbow, 15 
Elbow joint, 241, 242f 
Electrical detibrillition, 605 
Electrical synapses, 359 
Electrocardioyram (ECG) (EKG), 
576-75, 577 
correlation with heart sounds, 
575, 5794 
Electrocardiograph, 577 
leads, 603, 6044 
Electroencephalogram (EEG), 356, 
Jno, 409 
Flee trolyte balance .S 
regulation ot, 39] 
renal control ot, 747-50 
Electromagnene spectrum, 487f 


Electromyography (EMG), 318 

Electronegarive, 25 

Electronic monitoring of fetal 
heart rate and uterine 
contractions (FHR-UC 
monitoring), 928, 929f 

Electron microscopy, 107, L07f 


Electrons, 22 


valence, 22 
Electron transport, 84-85, 85f 
Electrophoresis, 657, 658f 
Elephantiasis, 618, 619f 
Elevation, 235, 235f 
Ellison, Edwin H., 779 
Embedding, 134 
Embryo, 906 
needs of, 906-8 
structural changes in, 913-16 
3rd week, 913-14 
4th week, 914, 915f 
42 weeks, 9O9F 
Sth week, 914-16, 916f 
6th week, 916, 917f 
7 weeks, 9O9f 
7th and Sth week, 916 
S weeks, 91 Sf 
Embryoblast, 902 
definition of, 108 
Embryology, 906 
Embryonic connective tissue, 121 
Embryonic development, early 
stages of, LOS 
Embryonic disc, 904, 915f 
Embryonic period, 906-16 
EMG. See Electromyography 
Emotions, 391 
Emphysema, definition of, 719 
Emulsification, 798 
Enamel, 773 
Encephalius, 412 
Encephalomyelitis, 412 
End-diastohie volume (EDV), 573, 
613 
Endemic goer, 530, 531f, 543, 
544f 
Endergonic, definition of, 76 
Endergonic reactions, 76 
Endocardial heart tube, 602 
Endocardium, 567 
Endochondral bone formation 
(ossification), 163, 
167-69, 169f 
Endocrine, definition of, 514 
Endocrine disorders, 88 
Endocrine functions, 391 
Endocrine glands. 514, 514f, 515¢ 
Endocrine regulation, 8-19 
and neural regulation, 516-18 
Endocrine system, 513-48 
chinteal Considerations 
regarding, 342-45 
Interactions 
with cine ulatory system, 644 
with digestive system, SOS 
with immune and lyinphatic 
systems, 680 
with mtegumentary system, 


157 


with muscular system, 277 
with nervous system, 372 
with other hody systems, 
546 
with reproductive system, 
S65 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
Endocytosis, 46f 
definition of, 45 
receptor-mediated, 45 
Endoderm, 904-5 
definition of, 109, 904 
denvatives of, 109r 
Endogenous pyrogen, 653 
Endolymph, 475 
Endometriosis, 843, 890 
Endometrium, 874 
cyclic changes in, 883-84 
Endomysium, 255, 257f 
Endopeptidases, 797 
Endoplasmic reticulum, 50, 50f, 
Sif 
function of, 65-66 
structure and function of, 43¢ 
Endorphins, 367, 823 
Endosteum, 165 
Endothelins, 541 
Endothelium, 110 
definition af, 579 
Endothelium-derived relaxation 
factor, 625 
Endotoxin, 653 
End plate potentials, 361 
End-product inhibition, 74-75, T5f 
End-systolic volume, 573 
Endurance training, 715 
Energy 
alternative sources of, 822 
consumed by various activities, 
Bide 
from glycogen, fat, and protein, 
56, S7f 
law of Conservation of, 75 
metabolism, regulation of, 
822-23 
pathways in body, 822 
regulation of, by pancreatic 
islets, 82 3=27 
universal carrier, 78, 78f 
Energy of activation, 70 
E neurons, 703 
Enkephalins, 367 
Entamoeba histolytica, 803 
Enternte brain, 802 
Enteritis, S06 
Enterogastrone, 802 
Enterohepatic circulation, 790-91 
TI 
of urobilinogen, 7924 
Enterokinaye, 782, 795 
Enterotoxin, 786 
Entropy, 75-76 
Fruurests, 759 


sh. Library 


Index 


Index 


Enzyme activity 
and coenzymes, 73 
ind cotactors, 73, 73 
control of, 72-75 
and pH, 72f, 72-73 
and substrate concentration, 
73-74, 747 
and temperature, 72, 72f 
Enzymes, 38 
as catalysts, 70-72 
detinition ot, 70 
Measurements of, 86-87 
mechanism of action, 70 
lock and key model of, 70, 
Tlf 
naming of, 70-72 
plasma concentration of 
abnormal, diseases 
associated with, 87r 
assays ot, 86-87 
reversible reactions of, 74 
saturation of, 74 
ot small intestine, 782-83 
Eosinophils, 353, 554f, 555t 
Ependymal cells, 348-49 
function of, 3491 
Ependymoma, 411 
Epicardium, 566 
Epicondyle(s), 164¢ 
of temur, 212 
of ulna, 204 
Epicranius muscle, 285¢ 
Epidermal derivatives, 145-49 
Epidermal growth tactor, 541 
Epidermms, 113, 138-41, 140f, 141f 
detinition of, 135 
Epididymus. 847f, 853-54, 854f 
body of, 854 
development of, 859 
head of, 854 
tail of, 854 
Epidural space, 396 
Epizlottss, 687 
Epilepsy. 410-11 
definition of, 411 
Epileptic seizure, 410 
Epimystum, 257f 
detinitton of, 255 
Fpinephrine, 364, 450, 456f, 528 
metabolic effects of, 828, 829f 
versus norepinephrine, 528¢ 
Epiphyseal line, 166 
Epiphyseal plates, 166, 168-69, 
169f, 170/ 
Epiphysis, detinigon of, 165 
Epiploic, definition of, 786 
Epiploie appendages, 756 
Epithalamus, 391 
Epithelial tissue, 107, 108-20, 116t 
In respiratory system, OS6f 
Epithelium, definition of, 105 
Eponychium, 147 
Equilibrium, 475-52 
neural pathways for, 481, 481f 
Equilibrium perential, 102, 102 
Erectile tissue, 556 
Erection, mechanism of, 876 
Frecror spinae muscles, 293, 296¢ 
Erisistratus, 3 
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ERV. See Expiratory reserve 
volume 
Erythema, definition of, 141, 156 
Erythroblastosis tetalis, 558, 806 
Erythrocyte count, in whole blood, 
laboratory testing of, 941 
Erythrocytes, 131f, 550, 552, 553f, 
554/, 555¢ 
antigens of, 557 
definition ot, 1 30, 552 
production of, effect of altitude 
on, 716 
Erythroporesis, 554 
Erythroporetin, 555, 760 
definition of, 708 
Esophageal artery, 589 
Esophageal hiatus, 775 
Esophagus, 766, 775-76 
definition of, 775 
Esotropia, 508 
Essential amino acids, 815, 8194, 
S19 
Essential fatty acids, 815 
Essential hypertension, 640 
Estradiol, 881 
Estradiol-17B, 533, 843 
Estriol, 913 
Estroven(s), 533 
secretion of, from placenta, 
913f 
Estrone, 885 
Estrous cycle, 581 
Ethaerynic acid, 758 
Ethmoid, detinition of, 187 
Ethmoid bone, 187-88, 384 
anterior view of, 187f 
Ethylenediaminetetraacetic acid 
(EDTA), 561 
Euchromatin, 53 
Eupnea, definition of, 700 
Eustachian tube, 483, 685-86 
development of, 458 
Eversion, 235, 235f 
Examination. See also Breast self- 
examination (BSE) 
of ussues, 134 
Excitation-contraction coupling, 
268-70, 270¢ 
Excitatory postsynaptic potential 
(EPSP), 361-63 
versus action potentials, 361t 
Excretory transportation, by 
circulatory system, 550 
Exercise 
adaptations to, 273, 273 
anaerobic and aerobic 
respiration in, 271f 
circulatory changes during, 
628-30, 630f, 631f 
etlects 
on blood gases and pH, 715f 
on respiratory function, 
714-15, 716t 
Exergonic, detinttion of, 76 
Exergomic reactions, 76, 77f 
Exhaustion, stage of, 525 
Exocoelomic membrane, 910 
Fxocrne, detinition of, 117 
Exocrine glands, 117 


Exocytosis, 45, 59f, 359 
Exopeptidases, 797 
Exophthalmos, definition of, 543 
Exotropia, 508 
Expiration, 290, 696-97 
muscles of, 291f 
quiet, 697 
Expiratory reserve volume (ERV), 
698 
definition af, 699¢ 
Expulsion stage, of labor, 921f, 922 
Extension, 232-33, 233f, 237f 
definition of, 232 
Extensor carpr radialis brevis 
muscle, 302¢, 304¢, 305 
Extensor carpr radialis longus 
muscle, 3026, 3041, 305 
Extensor carpi ulnarts muscle, 
302¢, 3044, 305 
Extensor digits minimi muscle, 
302, 3041, 305 
Extensor digitorum communis 
muscle, 302¢, 3042, 305 
Extensor digitorum longus muscle, 
315, 318¢ 
Extensor hallucis longus muscle, 
315, 318r 
Extensor indicts muscle, 302¢ 
Extensor pollicis brevis muscle, 
302¢, 304¢, 305 
Extensor pollicis longus muscle, 
3021, 304, 305 
Extensor retinaculum, 302¢ 
External, definition of, 12¢ 
External abdominal oblique 
muscle, 291, 293¢ 
External acoustic meatus, 185 
External anal sphincter, 292, 786 
External auditory canal, 482 
development of, 488 
External caroud artery, 383 
External hydrocephalus, 399 
External ihac artery, 959 
External ihac vein, 597 
External intercostal muscles, 290, 
696 
External yugular veins, 592 
External occipital protuberance, 
186, 332 
External otitis, 506 
External respiration, 684 
External urethral ostium, 856 
Exteroceptors, 465 
Extracellular compartment, 616 
Extracorporeal shock-wave 
lithotripsy, 794 
Extraembryonic membranes, 908f, 
908-10, 909F 
Extrafusal fibers, 471 
Extramedullary tumors, 411 
Extrapyramidal tracts, 403 
Extrinsic muscles, of larynx, 688 
Extrinsic ocular muscles, 491 
development of, 504 
Extrinsic pathway, of blood 
clotting, 559-60, 560f 
Eye 
autonomic effects on, 455 
developmental problems of, 
505-6 


development of 504, 505f 
diseases of, 5058 
functional unpairments of, 
507-8 
infections of, 508 
movement of, 502 
surface anatomy of, 490f 
Eyeball 
anterior portion of, structure of, 
4964 
internal anatomy of, 493f 
photoreceptor cells of, 498f 
structure af, 491-94 
Ey ebre wes, 458 
Eyelashes, 489-90 
Eyelids, 488-89 
development of, 504 


F 


Facet, 164t 
definition of, 164 
Facial artery, 585 
Facial bones, 179, [SS—91 
Facial expression, muscles of, 
283-85, 284f, 285f 
Facial muscles, superficial, 284f 
Facial nerve, 422-23, 423f, 475 
Facial region, 12, 770f 
surface anatomy of, 324f 
Facilitated diffusion, 92, 9S8f, 
98-99 
Fainung, 410 
Faleiform hyament, 767, 788 
Fallopian tubes, 872-73 
Fallopius, Gabriele, 872 
Fallot, Etrenne-Louts A., 605 
False pelvis, 209, 212 
False ribs, 200 
False vocal cords, 687f, 688 
Falx cerebri, 380, 393 
Familtal cretinism, definition of, 
929 
Familial hypercholesteremia, 606 
Family Hominidae, 8 
Farsightedness, 507, 507f 
Fascia, 122, 257 
definition of, 
Fascia lata, 309 
Fasciculus, definition of, 255 
Fast calcium channels, 575 
Fasting, 822 


22,255 


Fasting hyperglycemia, 747 
Fasting state, 823 
Fast-twitch fibers, 271-72 
Fat. See also Lipids 
breakdown of, SIS 
energy trom, 86, 87f 
formation of, 817-18, SI 
interconversion with glycogen 
and protein, S21f 
Fat-soluble vitamins, 815-16 
Fatty acids, 32, 8O0/, 822 
essential, S15 
total, in serum, laboratory 
testing of, 941 
Feedback control, 17-19 
of adenohypophysis, 523-24 
524f 
of hormone secretion, 19, L9f 


sh. Library 


Female reproductive system, 
870-97, STLf, S74 
clinical considerations 
regarding, SS8-94 
development of, 889 
diagnostic procedures for, 
SS9-90 
structures and functions of, 
871-77 
Femoral artery, 590 
Femoral hernia, definition of, 322 
Femoral nerve, 432, 434f 
Femoral region, 15 
Femoral triangle, 590, 594f 
Femoral vein, 597 
Femur, 211-12, 213f, 217¢ 
head of, 211-12 
shaft of, 212 
Fenestrae, 732 
Fenestrated capillaries, 582 
Fermentation, 70 
Fertility, definition of, 863 
Fertilization, 839, 899, 900f, 9O1f, 
903f 
in vitro, 899, 926 
Fetal circulation, 600-603, 601f 
Fetal drug addiction, 912 
Fetal monitoring, 926-28 
Fetal period, 917-20 
Fetal-placental unit, 913 
Fetoscopy, 928f, 928 
Fetus, 916-17, 919f 
cardiovascular structures in, 
603 
9 ta 12 weeks, 917-18 
9 weeks, IIS 
10 weeks, 919f 
12 weeks, ISS, 919F 
13 to 16 weeks, 918 
16 weeks, 914f, DISS 
17 to 20 weeks, 918-20 
20 weeks, YIS/ 
21 to 25 weeks, 920 
25 weeks, YISf 
26t0 29 wecks, 920 
29 weeks, ISS 
30 to 38 weeks, 920 
38 weeks, YS 
Fever, 653-54 
Fever blister, definition of, 156 
FHR-UC monitoring, 928, 929f 
Fibrillanion, definition of, 322 
Fibrils, structure and function of, 
43r 
Fibrin, 154. 154f, 559, 559f 
formation of, 359-60 
Fibrinogen, 154, 551, 559 
Fibrinolysin, 555 
Fibroudenoma, 592 
Fibroblast(s), 122, 154 
Fibrocartilage, 127, 128f, 129¢ 
Fibrocystic disease, 892 
Fibromyositis, 319 
Fibrous points, 224-25, 232¢ 
Fibrous layer, of vagina, 875 
Fikrous skeleron, 370 
Fibrous tunic. 491, 492 
Fibula, 214f, 214, 217¢ 
detinition of, 214 
head of, 214 


Fibular notch, 214 
Fight or flight, 453, 528 
Filariasis, 618 
Filiform papillae, 474, 771 
Filtration, effect on renal 
clearance, 744¢ 
Filtration barrier, of glomerular 
capsule, 733 
Filum terminale, definition of, 402 
Fimbriae, definition of, 872 
Finger primordia, 916 
Fingerprints, 141 
Fingers, forearm muscles for, 
299-305 
First-class lever, 238, 238f 
First-degree AV node block, 577 
First-degree burns, 151, 152f 
First-degree frostbite, 151 
First sound, 574 
First trimester, 925 
Fissure, 164¢ 
Fissured fracture, 219, 219f 
Fissure of Rolando, 384 
Fissure of Sylvius, 384 
Fixation, 134 
Fixed phagocytes, 652 
Flaccid paralysis, 410 
Flagella, 45-46 
definition of, 45 
structure and function of, 43¢ 
Flare-and-wheal reaction, 677 
Flat bones, 164, 164f 
Flatfoot, 216 
Flavin adenine dinucleotide, 78-79 
Flexion, 232, 233f, 236f, 237f 
definition of, 232 
Flexion creases, 141 
Flexion lines, 141 
Flexor carpi radialis muscle, 302t, 
303, 304¢ 
Flexor carpi ulnaris muscle, 302t, 
3041, 304 
Flexor digit) minimis brevis muscle, 
302¢, 321f 
Flexor digiti minimi muscle, 305, 
307¢ 
Flexor digitorum longus muscle, 
317 
tendons of, 32 If 
Flexor digitorum profundus muscle, 
3041 
Flexor hallucis brevis muscle, 321f 
Flexor hallucis longus muscle, 317, 
318t 
tendon of, 321f 
Flexor joints of digitorum longus 
muscle, 318¢ 
Flexor pollicis brevis muscle, 302¢, 
305, 307¢ 
Flexor pollicis longus muscle, 302¢, 
BO4r, 305 
Flexor reflexes, 438, 439f 
Flexor retinaculum, 302¢, 303 
Floating ribs, 200 
Flower-spray endings, 471 
Fluid 
amniorc, YOS 
cerebrospinal. See 
Cerebrospinal fluid 


interstitial, 616 
lacrimal, 490 
pericardial, 566 
seminal, 854 
serous, 116 
synovial, 227, 231 
tssue, 616 
Fluid-mosaie model, of cell 
membrane structure, 43, 
44 
Fluoxetine hydrochloride (Prozac), 
364 
Focus, 494 
Folic acid, deficiency, symptoms of, 
139 
Follicle 
definition of, 889 
development of, 880f 
Follicle-stumulating hormone 
(FSH), 520, 842, 880-81 
Follicular phase, of menstruation, 
881-82 
Folliculotropin, 520 
Fontranels, definition of, 192 
Food potsoning, 803 
Food vacuole, 45 
Foor, 15 
arches of, 216, 216f 
hones of, 215f, 216 
leg muscles that move, 313-17, 
318¢ 
muscles of, 317, 321f-322f 
Foramen, 164 
Foramen lacerum, 179t, 186 
Foramen magnum, 179t, 185 
Foramen of Magendie, 399 
Foramen of Monro, 398 
Foramen ovale, 179, 186, 601f, 
602 
patent, 605 
Foramen rotundum, 186 
Foramen spinosum, 186 
Foramina of Luschka, 399 
Forced expiration, 697 
Forced expiratory volume (FEV) 
test, 698, 699f 
Forced inspiration, 697 
Forearm 
anterior view of, 327f 
bones of, 205-6 
muscles of, 298-99, 302f, 302:, 
303f 
that move wrist, hand, and 
fingers, 299-305, 304¢ 
posterior view of, 334f 
Forebrain. See Prosencephalon 
Foregut, 717 
Foreskin, 856 
Formed elements, 130, 55 
552-54, 554f, 5 
Fornix, 875 
Fossa, lo4e 
Fourth ventricle, 393, 394 
of brain, JYS-99 
Fovea, detinition of, 500 
Fovea capitis femoris, 212 
Fovea centralis, 300, SOUf 
Fracture hematoma, 220 


’ 


1 
551 


Fractures, 217-19 
of clavicle, 203 
Colles’, 203, 219 
healing of, 220, 220f 
of long bone, 166, 22 
of patella, 212 
pathologic, 217 
Port's, 214, 219 
of radius, 203 
of ribs, 200 
in skull, 225 
of sphenoid bone, 187 
spontaneous, 217 
traumatic, 219 
Frank, Otto, 613 
Frank-Starling law of the heart, 
613, 614f 
Fraternal twins, 926 
Freckles, 140 
Free bilirubin, 792 
Free border, 147 
Free energy, 76 
Free fatty acids, 32, 798 
Free nerve endings, 467, 469 
Frenulum 
definition of, 856 
of penis, 856 
Frequency, 482 
Friction ridges, 141 
Frontal bone, 184 
Frontal tontanel, 192 
Frontalis muscle, 285¢ 
Frontal lobe, 384, 384¢ 
Frontal planes, 11 
Frontal sinus, 184 
Frostbite, 151, 632 
FSH. See Follicle-stumulating 
hormone (FSH) 
Functional groups, 27, 28f, 35 
Functional residual capacity, 
definition of, 699¢ 
Fundus, 873 
definition of, 776, 873 
Fungiform, definition of, 771 
Fungiform papillae, 474, 771 
Funiculus(1) 
definition of, 403 
of spinal cord, 403 
Furosemide, 758 
Furuncle, definition of, 156 
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G 


GABA. See Gamma-aminobutyric 
acid 

Galactosemia, definition of, 929 

Galen, Claudius, 3 

Gallbladder, 766, 793-94 

Gallstones, 794, T94f 

Gametes, 64 

definition of, 839 

Gamma-aminobutyne acid, 366 

Gamma-carboxyglutamic acid, 561 

Gamma chains, of hemoglobin, 
7Il 

Gamina globulins, 351 

Gamma interferons, 654 

Gamma motoneurons, 472 

Ganglia, 345 
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Ganghon, detinition of, 3451, 345, 
447 
Ganglion cells, 497-98 
Gangrene, definition of, 134, 156 
Gap junctions, 274, 359, 359f 
Gas exchange, 684 
cellular, 93, 93f 
in lunys, 699-702 
Gasser, Johann b., 421 
Gasserian ganglion, 421 
Gastric tunction, regulation of, 
SOO-S02, 802¢ 
Gastric glands. 777, 778f 
Gastric inhibitory peptide (GIP), 
800, 802 


effect on metabolism, 825-26 
Gastric phase, of gastric regulation, 
nied | 
Gastric pits, 777, 77Sf 
Gastric rugae, 777 
Gastric veins, 600f 
Gastrin, 779, 800 
Gastritis, 779 
Gastrocnemius, detinition of, 318 
Gastrocnemius muscle, 316, 318¢ 
Gastrocalie reflex, 787 
Gastroepiplorc, detinitian of, 600 
Gastroesophazeal yunetion, 776 
Gastroesophageal sphincter, 776 
Gastroeal retlex, 787, 803 
Gastrointestinal activity, control 
of, 391 
Gastrointestinal hormones, 
phystological effects of, 
Solr 
Gastromtestinal tract, 766 
autonomic effects on, 455¢ 
hormonal action in, 533 
iMnervation of, 769 
layers of, 767-69 
mechanical activities of, 787t 
Cates, 35 3 
Gaucher's disease, 65, 928 
G cells, 777-78 
Gene, 922 
General adaptanon syndrome 
(GAS), 328 
General anesthetic, 409 
Generation of Animals, 3 
Generator potential, 467, 467/ 
Genetie disorders, 929 
Genetic recombination, 65, 654 
CGienetics, 922 
Genetic transcription, 53-54, 54f, 
55 
Genetic transhation, 55, 56f, 57f 
Gentculate ganglion, 422 
Genrculostriite system, 502 
Genrtoglossus muscles, 287, 28St 
Gentobyord muscle, 290 
Genutal duct, ditferentiition of, 
Sat 
Genitalia, differentiation of, 
SO1f-a02f 
Genital tubercle, $59 
Genotype, 923 
German measles, 505 
Germ cells, 839 
Germinal cells, 540 


Germinal centers, 650 
Germinal layer, 148 
Germinativum, definition of, 140 
Germ layers 
derivatives of, 9061, 9O7f 
formation of, 904-6 
Gestation, 906, 920 
GH. See Growth hormone (GH) 
GHRHL. See Growth hormone- 
releasing hormone 
(GHRIT) 
Gigantism, 173, 542, 832 
Gingiva, 773 
Gingivitis, definition of, 806 
GIP. See Gastric inhibitory peptide 
Gl tract. See Gastrointestinal tract 
Glands, 446 
acinar, E17 
adrenal. See Adrenal glands 
apocrine, 118, 120¢ 
apocrine sweat, 148 
areolar, S87 
autonomic effects on, 455¢ 
Bartholin's, 876 
Brunner’s, 781 
bue « al, 77 3 
bulbourethral, 755, 855-56 
ceruminous, 149, 482 
ciliary, 490 
compound, 117 
Cowper's, 755, 855-56 
duodenal, 781 
eccrine sweat, 145 
endocrine, 514, 5147, 5156 
exocrine, 117 
wastric, 777, aSf 
holocrine, LES-20, 120¢ 
lacrimal, 504 
mammary. See Mammary glands 
Metbomiin, 490 
merocrine, LIS, 1204 
multicellular exocrine. See 
Mulinicellular exocrine 
glands 
parathyrond, 530, 531f, 544 
salivary, 766, 773-74, 774f. 
775t 
sebaceous, 147-48 
simple, 117 
of skin, 147f, 147-49 
sudoriterous, I48-49 
suprarenal, 526 
sweat, 148-49 
tarsal, 490 
thyroid, See Thyroid gland 
tubular, 117 
tubuloacinar, E17 
untce Hubler. U1 7, 1201 
urethral, 754,556 
vestibular, 576 
Glandular epithelia, 117-20, 1204 
Glans, 359 
ot clitoris, 876 
definition of, 856 
Glans penis, 556 


soma, IOS 


detinitiom ot, 508 
Glenohumeral lament, 241 
Glenoid, detinition of, 204 


Glenoid cavity, 203 
Glenoid labrum, 240 
Ghial « ells, 345 
Gliding younts, 228, 230f, 232 
Ghomas, 411 
Globin, 707 
Globulin 
definition of, 551 
inserum, laboratory testing of, 
942 
Globus pallidus, definition of, 388 
Glomerular capillaries, 7337 
Glomerular capsule, 730 
inner layer ot, 733f 
Glomerular filtration, 731-34 
Glomerular filtration rate (GFR), 
733 
measurement of, 742-45 
regulation of, 734, 735¢ 
Glomerular ultratilerare, 733, 734f 
Glomerult, 730 
Glomerulonephritis, 676, 759 
Glomerulus, definition of, 730 
Glossopalatine arch, 771 
Glossopharyngeal, definition of, 
424 
Glossopharyngeal nerve, 424, 424f, 
475 
Glottis, 687, 687f 
Glucagon, 331-32 
during absorprive state, 826, 
S1sf 
during postabsorptive state, 
27, 827f, 828/ 
secretion, regulation of, 823-26 
Glucocorticoids, 326-27, 528, 672, 
S28 
metabolic effects of, 828-29, 
829) 
Gluconeoyenesis, 82, 793, 820-21 
Glucose, 822 
in blood, normal range for, 17¢ 
effect on metabolism, 824-25, 
825f 
in plasma, laboratory testing of, 
942 
reabsorption of, 745-47 
secretion of, 793 
incuring, laboratory testing of, 
943 
Glucose-dependent insulinotropic 
pepude, S02 
effection metabolism, 825-26 
Glucose 6-phosphatase, 817 
Glutamate, 366 
Glutamate oxaloacetate 
transaminase (GOT), 
R20 
( dlutamate ry fuvate (oinsaminase 
(GPT), 819-20 
Glutamic acid, 366 
Ghateal arte ty. 590 
Gluteal tnuseles, JOsy 
Glateal region, 15 
muscles of, 245/ 
Peoteror view ot, F347 
Glateal surtace, of hum, 211 


Giluteus maximus muscle, 307-9, 
Jur 


Glureus medius muscle, 309¢, 309 
Gluteus minimus muscle, 309¢, 309 


Glycerol, 32 
Glycine, 366 
Glycogen, 30, 30f 
energy from, 56, 87f 
interconversion with fat and 
protein, S21f 
Glycogenests, 793, 817, 81 7f 
Glycogenulysts, 532, 793, 817, 827 
Glycogen phosphorylase, 317 
Glycogen storage disease, 65 
Glycogen synthetase, S17 
Glycolysts, 79-80, SIf 
definition of, 79 
energy expenditure and gain in, 
80, SOF 
Glycoprotein hormones, 514, 516¢ 
Glycoproteins, 36 
Glycosurta, 746-47 
GnRH. See Gonadotropin- 
releasing hormone 
(GnRH) 
Goblet cells, L11, LISf, 767, 777 
Gower, 543 
Golgi, Camilia, 38 
Golgi apparatus, 49f, 59f 
function af, 38 
structure and function of, 43¢ 
Gola tendon organs, $73 
Gomphoses, 225, 232¢ 
definition of, 225 
Gonadal ridge, 859 
Gonadotrophin seeretion, control 
by testes, 848, S48/ 
Gonadotropie hormones, 520, 842 
Gonadotropin-releasing hormone 
(GnRH), 521, 842 
Gonads, 34, 839 
differentiation of, S60f 
hormone secretion by, 533 
regulation of reproduction, 
S42f, 842-43 
Gonorchea, definition of, 865 
Gout, definition of, 250, 929 
Gourty arthritis, 250 
G, phase, of cell cycle, 61 
Gy phase, of cell evele, 61 
Graal, Reynier de, 877 
Graatian tollicle, 877, S7S8f 
Gracilis muscle, 309, 3124 
Graded contractions, 259 
Gratt bed. for skin grate, 151 
Grand malepilepsy, 411 
Granular cells, 749 
Granular leukocytes, 353 
Granulation tissue, 154 
Granulosa cells, 533 
Granulosam, detinition of, 140 
Graves, Robert James, 543, 830 
Graves’ disease, 34.3, 670, 676, 530 
Gray Commussure, 403 
Cray matter, 351, 376 
of spinal cord, 402-3 
Gray ram Communicantes, 449 
Giray ramus, 428 
Creat Cardiac vein, 571 
Greater auncular nerve, 332 
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Greater cornua, of hyoid bone, 
190-9] 
Greater curvature, of stomach, 777 
Greater occipital nerve, 332 
Greater omentum, L6f, 117, 767, 
768f 
Greater palatine foramen, 179t, 
ISy 
Greater pelvis, 209, 212 
Greater se1atic notch, 211 
Greater trochanter, 212 
Greater tubercle, of humerus, 204 
Greater wings, of sphenoid bone, 
186 
Great saphenous vein, 598f 
Greece, ancient, 2-3 
Greenstick fracture, 219, 219f 
Gristle, 127 
Ground substance, 122 
Growth 
of body, effects of growth 
hormone on, 832-33 
as function of age, 844f 
Growth factors, 540 
Growth hormone (GH), 519, 
$31-33 
effects 
on body growth, 832-33 
on bone physiology, 17 1¢ 
on metabolism, 831, 832 
secretion of 
abnormal, 542 
regulation of, 831 
Growth hormone-releasing 
hormone (GHRH), 
521-23 
Guanine, 52, 52f 
Gubernaculum, definition of, 841 
Gum, 773 
Gustatory, definition of, 474 
Gustatory cells, 474, 476f 
Gustatory hair, 474, 476f 
Gut, 766 
Gynecomastia, 339 
Gyrus(1), 393 
definition of, 383 


H 

Hair, 145-46, 146f 
coloration of, 145 
medulla of, 145 

Hair bud, 148 

Hair bulb, 145, 145 

Hatr cells, 450 

Hair cortex, 145 

Hair cuticle, 145 

Hair follicle, 145, 146f, 148 

Hair matrix, 145 

Hair papilla, 148 

Hate root, 145 

Hare shatt, 145 

Hales, Stephen, 636 

Half-life, of hormone, 539 

Halitosis, detinition of, 8C6 

Hallucis, definition of, 318 

Hallux valgus, 225 

Hamate, definition of, 205 

Hamate bone, 208 


Hamstrings, 311 
Hand 
anterior view of, 327f 
bones of, 206-9, 207 
forearm muscles for, 299-305 
muscles of, 305, 300f, 307¢ 
posterior view of, 334f 
Haploid, definition of, 839 
Haptens, 655 
Hard palate, ISS 
Harvey, William, 4, 4f 
Hashimoto's disease, 676 
Hasselbalch Karl A., 751 
Haustra, 786, 7S6f 
Haustral churning, 787 
Haustrum, definition of, 786 
Havers, Clopton, 130, 167 
Haverstan canal, 130, 167 
H bands, 263f, 263 
hCG. See Human chorionic 
gonadotropin (hCG) 
HDLs. See High-density 
lipoproteins (HDLs) 
Head, 12 
arteries of, 583-87, 586f 
blood supply to, 585-87 
ot bone, 164¢ 
of epididymis, 854 
of femur, 211-12 
of fibula, 214 
of humerus, 203-4 
of metatarsal bone, 216 
muscles of, anterior view of, 
329f 
of pancreas, 795 
of rib, 200 
sagittal section of, 330f 
of spermatozoa, 853 
of ulna, 205 
veins of, 392-94, 596f 
venous return to heart, 597f 
Headaches, 409-10 
Hearing, 482-87 
neural pathways for, 486-87, 
487f 
Heart, 550, 566f 
acrobre requirements of, 627 
autonomic nerve effects on, 
4551, Ol3e 
blood flow to, 626-30 
conducung tissue of, 575-76, 
576f 
conduction of electrical 
impulses in, 576, 578f 
development of, 602, 602f 
electrical activity of, 574-76 
Frank-Starling law of, 613, 614f 
structure of, 566-72, 56S/-569f 
valves of, 567-70, 570f, 570t 
Heart attack, 608 
Heartburn, 776 
definition of, S06 
Heart disorders, structural, 605 
Heart failure, congestive, 643 
Heart murmurs, 574, 605 
Heart sounds, 574 
correlation with 
electrocardiogram, 578, 


579f 


and left intraventricular 
pressure and volume, 
573 
Heart wall, 566-67 
layers of, 566, 567f 
Heat exhaustion, 144 
Heat stroke, 144 
Heel, 15 
Heimlich maneuver, 688, 719, 721 
Helicobacter pykk mi, 779 
Helicouema, 485/ 
definition of, 484 
Helper T lymphocytes, 665/, 
668-69 
Hemarthrosts, definition of, 251 
Hematocrit 
definition of, 551 
in whole blood. laboratory 
testing of, 942 
Hematoma, definition of, 22 
Hematopoiesis, 554-55, 556f 
definition of, 554 
Hematuria, 758 
Heme, 707, 708f 
Hemiplegia, 410 
Hemochromatosis, hereditary, 929 
Hemocytoblasts, 555 
Hemodialysis, 760, 760f 
Hemoglobin, 36, 707-9, 708f 
affinity for oxygen, effect of 
altitude on, 716 
concentration of, 708 
definition of, 141 
production of, effect of altitude 
on, 7 ] 6 
in whole blood, laboratory 
testing of, 942 
Hemoglobin A, 711 
Hemoglobin F, 711 
Hemoglobin S, 718 
Hemolysis, 96 
Hemolytic disease of newborn, 558 
Hemophilia, 560, 925 
Hemophilia A, 561 
Hemopotesis, 162 
in fetus, 554 
Hemorrhage, 591 
Hemorrhoids, 608, 786 
definition of, 806 
Hemostasis, definition of, 558 
Henderson, Lawrence Joseph, 751 
Henderson-Hasselbalch equation, 
751-52 
Henle, Friedrich G. J., 731 
Henry, William, 701 
Henry's law, 701 
Heparin, S61 
Jetinition of, 122 
Hepauc, detinition of, 789 
Hepatic artery, 790 
Hepatic buds, 504 
Hepanie ducts, 789, 790 
Hepatic flexure, 785 
Hepatic plates, 789 
Hepatic porphyria, definition of, 
929 
Hepatic portal system, 598-600, 
6O0f, 789-90 
Hepauic portal vein, 600f, 789 


Hepatic veins, 600f, 789-90 
Hepatius, 87, 803 
Hepatitis A, 803 
Hepatius B, 803 
Hepatocytes, 789 
Hepatopancreatic ampulla, 781 
Hereditary hemochromatosis, 
definition of, 929 
Hereditary leukomelanopathy, 
definition of, 929 
Hering, Ewald, 706 
Herng-Breuer retlex, 706 
Hermaphrodite, definition of, 863 
Hermaphroditism, 863 
Hernia, S06 
definition of, 322 
Herniated disc, 249, 436, 437f 
Herophilus, 3 
Herpes zoster, 428 
Hertz (Hz), 482 
Heterochromatin, 51f, 53 
Heterodont, definition of, 7 
Heterotransplant, 134, 153 
Heterozygous, 922 
Hiatal hernia, 806 
definition of, 322 
Hidden border, 147 
High-density lipoproteins (HDLs), 
608, 799 
Higher brain 
control of autonomic nervous 
system, 460-61 
control of pituitary secretion, 
524-26 


Index 


Hilum 

definition of, 691 

of kidney, 728 

of lymph node, 650 

of ovary, 877 
Hinge joints, 228, 2307, 232¢ 
Hip, posterior view of, 335f 
Hip arthroplasty, 242, 250f 
Hip joint, 241-42, 243 
Hippocampus, 390 
Hippocrates, 2, 2f 
Hirsutism, 891 

definition of, 145 
His, Wilhelm, Ir. 576 
Histamine, 122, 661, 677, 779 
Histochemistry, 133 
Histocompaubihry antigens, 670 
Histology, 5f, 106-36 

detinition of, 107 
Histopathology, 133 
History, of anatomy, 2-6 
History of Animals, 3 
Historechnology, 133 
Hives, definition of, 156 
Hodgkin's disease, 670 
Holocrine glands, 120¢ 

definition of, 118-20 
Homeostasis, 16-19 

definition of, 16 
Hominidae, 8 
Homologous chromosomes, 62, 

839, 922, 923f 

Homologous organs, 871 
Homologous structures, 859, 889¢ 
Homo sapiens, 8 
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Homotransplant, 134 
Homozygous, 922 
Hordeola, 508 
Horizontal cells, 498 
Honzontal planes, 11 
Horizontal plates, of palatine bone 
1S9 
Hormonal disorders, of skeletal 
system, 173 
Hormones, 19, 514 
ACTH. See 
Adrenocorticotropic 
hormone 
ADH. See Antidiuretic 
hormone 
adrenocorticond, 17 1t 
antagonistic effects of, 519 
catecholamine. See 
Catecholamines 
chemical classification of, 
514-16 
concentrations of, effects on 
Tissue response, 539 
CRH. See Corticotropin- 
releasing hormone 
definition of, 514 
FSH. See Follicle-stamulating 
hormone 
functional categories of, 534f 
gastrointestinal, SOlr 
GH. See Growth hormone 
GHRH. See Growth hormone- 
releasing hormone 
glycoprotein, 314, 516¢ 
GnRH. See Gonadotropin- 
releasing hormone 
gonadotropic, 520 
half-lite of, 539 
inhibition ot, 521-23 
interactions, 318-19 
LH. See Lutemizing hormone 
LHRL. See Lutemuizing 


hormone-releasing 


Index 


hormone 

mechanisms of action, 534-39 

MSH. See Melanocvte- 
sumulating hormone 

natriuretic, 749 

permissive effects of, SIS-19 

PIH. See Prolacuin-inhibiting 
hormone 

preuitary, 519-21 

from placenta 

pituitary-like, 912 
steroid, 912-1 3 

poly pept ide See Polypept ide 
hormones 

priming effects of, 539 

PTH. See Parathyroid hormone 

receptors for, 5 44 

release af, 521-23 

secretion, leedhack control of, 
19, lof 

sex, | ra 

somatotrapic, S31 

steroid. See Steroids 

synergistic effects of, 518 

that activate adenylate cyclase, 


5361 


that use second Messenvers 
other than cAMP, 536t 
thymus, 667 
thyroid. See Thyroid hormones 
TRI L. See Thy tT ropin- 
releasing hormone 
TSH. See Thyrotd-stimulating 
hormone 
Hormone-sensitive lipase, 827 
Human chorionic gonadotropin 
(hCG), 534, 903-4, 
9O5f, 912 
Human immunodeficiency virus 
(HIV), 669 
life cycle of, 654f 
Human leukocyte antigens 
(HLAs), 670 
Human life cycle, 839f 
Humans 
characteristics of, 8 
classification of, 6-8, Se 
Humeral yount, 240-41 
Humeroscapular joint, 240f 
Humerus, 203-5, 205f, 209¢ 
head of, 203-4 
muscles of, 297-98, 298f, 
3001-301 
shatt of, 204 
Humoral immunity, 656 
Humoral theory, 2 
Humors, definition of, 2 
Hunchback. 249 
Hunger, regulanon of, 391 
Huntington, George, 929 
Huntington's chorea, 366 
definition of, 929 
Hyaline cartilage, 127, 128/, 129¢ 
Hyaline membrane disease, 695 
Hyaloid, definition of, 504 
Hyalowd artery, 504 
Hyaloid vein, 504 
Hyaluronidase, 899 
Hybrid, 924 
Hybridoma, 666 
Hydrarion spheres, 24, 25f 
Hydrocele, 867 
Hydrocephalus, 399 
Hydrochloric acid, 778, 779f 
stimulation of secretion, 801, 
802/ 
Hydrochlorothiazide, 758 
Hydrocortisone, 527, 528, 672 
Hydrogen, 220, 23 
Isotopes of, 23 
relationship to sodium and 
potassium, 750, 751f 
Hydrogen bonds, 25-26 
detinition of, 25 
Hydrogen carers, 75 
Hydrolases, 70 
Hydrolysts, 30-32, 31/ 
detinition of, 30 
Hydrolysis reactions, 765f 
Hydronephrosts, 759 
Hydronium ion, 26 
Hydrophilic, definition of, 25 
Hydrophobie, definition of, 25 
Hydroregulation, by skin, 143 
Hydroureter, 759 


Hydroxyapatite crystals, 170 
§-Hydroxybutyric acid, 819 
17-Hydroxy corticosterords, in 
urine, laboratory tesuing 
of, 943 
Hymen, 875, 859 
definition of, S89 
Hyoid bone, 161. 161, 190-91, 
1YIf 
body af, 190 
Hypereapnia, 705 
Hyperextension, 233, 236f, 237f 
Hyperglycemia, 98 
Hyperkalemia, 748 
detinitien of, 103 
Hyperopia, 507, 507f 
Hyperphagia, 823 
Hyperplasia, 62 
Hyperpnea,. 714 
Hyperpolarization, 352, 353 
Hypersensitivity, 676 
delayed, 6771. 677-78 
immediate, 677t, 677-78, 678f 
Hypertension, 640-41 
chromic, 621 
dangers of, 640-41 
treatment of, 641 
Hyperthyroidism, $30 
versus hypothyroidism, 830¢ 
Hypertonic, definition of, 96 
Hypertrophic zone, 169 
Hypertrophy, 62 
compensatory, 62 
of muscle tissue, 319 
Hyperventilation, 705, 706, 713 
definition of, 700¢ 
Hypocaleemia, 171 
Hypocapnia, 705, 706 
Hypodermis, 143 
definition of, 143 
Hypoglossal, detinition of, 424 
Hypoglossal toramen/canal, 179, 
186 
Hypoglossal nerve, 424-26, 425f 
Hypoglossal nucleus, 395 
Hypoglossus muscles, 287, 288e 
Hypoglycemia, 88, 98-99, 835, 
S35f 
reactive, 344 
Hypoglycemic coma, versus 
diabetic coma, 835¢ 
Hypokalemia, definition of, 750 
Hyponvehium, definition of, 147 
Hypophagia, $23 
Hypophyseal pouch, 525 
Hypophysectomy, 542, 853 
Hypophysis, 392, 392f 
Hypopituitarism, 542 
Hypothalamo- hypophyseal portal 
system, 521 
Hypothalamo-hypophyseal trace, 
521 
Hypothalamus, 391 
control of adenohypophysis, 
521-23, 523 
control of autonomic nervous 
system, 460 
control of eating behavior, 823 
’ 


controlot neurohypophiysi, 5 


funcuons of, 391 
regulation of reproduction, 
d42/, 842-43 

Hypothenar eminence, 305 
Hypothenar muscles 307¢ 
Hypothermia, 144, 812 
Hypothesis, 6 
Hy pothyrondism, 543, 830 

versus hyperthyroidism, 530¢ 
Hypotonic, definition of, 96 
Hypoventilation, 705, 713 

definition of, 700 
Hypovolemte shock, 642 
Hypoxemta, 706 
Hysterectomy, 590 
Hysterosalpingography, 890, 890f 


I 
I bands, 255, 263f 
Ibuprofen, 545, 779 
Identical twins, 926 
IgA, 658 
IgD, 658 
IgE, 658 
leG, 658 
IuM, 658 
Heocecal valve, 781 
Heogastric retlex, 803 
Iliac crest, 209 
Ihac fossa, 211 
Ihac tuberosity, 211 
Ihacus muscle, 307, 309r 
Thocostalis cervicis muscle, 296t 
Ihocostalis lumborum muscle, 296r 
hocostalis muscle, 293 
Ihocostalis thoracis muscle, 296t 
Ihotemoral lament, 241 
Tholumbar artery, 590 
Thopsoas muscle, 307 
Thoubial tract, 309 
Thum, 209-11 
definition of, 209, 781 
Immune complex, definition of, 
677 
Immune complex diseases, 676, 
677 
Immune response, 651 
Immune system 
and aging, 675 
clinical considerations 
regarding, 676-79 
interactions with other body 
systems, 650 
prostaghindin regulation of, 542 
and stress, 675 
Immune therapy, tor cancer, 675 
Immunoassays, 655, 655) 
Immunoglobulins, 657, 655¢ 
Immunological competence, 665 
Immunological surveillance, 
674-75 
Immunology, 5 
Impacted tracture, 219 
Impetigo, detinition of, 156 
Implantation, 903-4, 9O4f, 9O5f 
abnormal sites for, 926 
artiticial, 926 
Impotence, definition of, 864 
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Inborn error of metabolism, 75 
Incisive foramen, 179t, 188 
Incisors, [SS 
detinition of, 188, 771 
Incomplete tetanus, 259 
Incontinence, 759 
Incus, 191 
definition of, 191, 483 
Indomethacin, 545 
Induced tssue, 914 
Induction, 913-14 
Inductor tissue, 914 
I neurons, 703 
Infections 
ot ear, 306 
of eye, 508 
Infectious hepatius, 803 
Interior, definition of, 12¢ 
Intertor angle, of scapula, 203 
Inferior articular processes, 194-95 
Inferior cerebellar peduncles, 394 
Inferior colliculi, 392 
Inferior constrictor muscle, 774-75 
Inferior epigastric artery, 332, 590 
Inferior extensor reunaculum, 322 
Inferior gemellus muscle, 309 
Inferior gluteal line, 211 
Inferior limb buds, 914 
Inferior lobe, of lung, 691, 692 
Inferior mesenteric ganglia, 
449-50, 451f 
Interior mesenteric vein, 600 
Inferior nasal concha, 189, 685 
Inferior oblique muscle, 285, 287, 
421,491 
Inferior olivary nuclei, 395 
Inferior orbital fissure, 179¢, 188 
Inferior phrenic arteries, 589 
Inferior ramus, of pubis, 211 
Inferior rectus muscle, 285, 287¢, 
421,491 
Inferior trunk, of brachial plexus, 
429 
Inferior vena cava, 569, 592, 598f 
Infertility, 564, S91 
Inflammation, 154 
local, 661¢, 661-62, 662f 
Inflammatory conditions, of skin, 
150, 150f 
Influenza, definition of, 720 
Infrahyoud muscles, 290 
Infraorbital foramen, [8d 
Infraspinatus muscle, 297-98, 332 
Intraspinous fossa, 203 
Intundibulum, 519, 525, 872 
definition of, 392, 519 
Inguinal hernia, definition of, 322 
Inguinal ligament, 332 
Inguinal nodes, 650 
Inheritance, 922-25 
of eat-labe shape, 92 %, 9214f 
sex-linked, 924-25 
through mitochondria, 50 
Inhibin, 542 
Inhibitory postsynapue potentials, 
366, 369, 370 
Inhibitory synapses, 473 
Injuries, 409-10, 718-19 
Innate defense mechanisms, 651 


Inner ear, 483 
development of, 488 
Inner-ear cavity, 179 
Innervation ratio, 260 
Inositol triphosphate, 537 
Inotropic, definition of, 614 
Insertion, 255 
Inspiration, 290, 696-97 
muscles of, 291f 
quiet, 696 
Inspiratory capacity, definition of, 
O9V 
Inspiratory reserve volume (IRV), 
695 
definition of, 699¢ 
Insula, 384r, 386 
Insulin, 98, 531-32 
during absorptive state, 826 
828 
deficiency of, leading to coma 
and death, 834f 
definition of, 531 
during postabsorptive state, 
827, 827f, 828f 
production of, 58, 58f 
regulation of, 823-26 
resistance to, 334 
secretion of, stimulation of, 
826f 
Insulin-dependent diabetes 
mellitus, 544, 533-34 
versus non-insulin-dependent 
diabetes mellitus, 833¢ 
Insulin-like growth factor, 541, 831 
Integrating center, 17 
Integument. See also Skin 
as an organ, 138 
definition of, 138 
layers of, 138-43 
physiology of, 143-45 
Integumentary system, 137-58 
development of, 148, 149f 
Interactions 
with circulatory system, 644 
with digestive system, 808 
with endocrine system, 546 
with immune and lymphatic 
systems, 680 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
157 
with reproductive system, 
S65 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
Intensity, 452 
Intention tremor, 407 
Interatrial septum, 567 
Intercalated discs, 131, 274 
Intercondy lar eminence, 213 
Intercondylar tossa, 212 
Intercostal, definition of, 283 
Intercostal spaces, 200 
Intercostal vein, 597 
Interferons, 6541, 654-55 
Interleukin 1, 669 


Interleukin-2, 669, 675 
Interleukins, 540 
Interlobar arteries, 730 
Interlobar veins, 730 
Interlobular arteries, 730 
Interlobular veins, 730 
Intermediate cuneiform bone, 216 
Intermediate group, of hand 
muscles, 305 
Intermediate muscle fibers, 2734 
Intermediate muscles, of hand, 
307t 
Internal, Jetinition of, 12c 
Internal abdominal oblique muscle, 
291, 293 
Internal anal sphincter, 785 
Internal carotid artery, 583 
Internal hydrocephalus, 399 
Internal iliac artery, 589 
Internal sliac vein, 597 
Internal intercostal muscles, 290, 
696 
Internal jugular veins, 594 
Internal pudendal artery, 590 
Internal respiration, 684 
Internal thoracic artery, 587 
Internal tunic, 491, 492 
Internal urethral sphincter, 754 
Interneurons, 347 
definition of, 345¢ 
Interphalangeal joints, 241, 243f 
Interphase, 61, 61f 
Intersegmental reflex arc, 438 
Interstitial cells, 333, 840, 848 
Interstitial fluid, 616 
Intertrochanteric crest, 212 
Intertrochanteric line, 212 
Intertubercular groove, 204 
Interventricular sulci, 569 
Interventricular system, 
development of, 602 
Intervertebral discs, 194 
Intervertebral foramina, 191, 194 
Intestinal contractions, and 
motility, 783-84 
Intestinal crypts, 782, 782f 
Intestinal disorders, 806 
Intestinal function, regulation of, 
802-3 
Intestinal phase, of gastric 
regulation, 801-2 
Intestine, layers of, 769f 
Intestino-intestinal reflexes, 803 
Intracranial tumors, 411 
Intraembryonic mesoderm, 913 
Intrafusal fibers, 471 
Intramedullary tumors, 411 
Intramembranous ossification, 163 
Intramuscular injection, definition 
of, 322 
Intraorbital foramen, 179 
Intrapleural pressure, 693, 693¢ 
Intrapulionary pressure, 693, 693¢ 
Intraspinal tumors, 411 
Intrauterine device (IUD), 893, 
894} 
Intravenous pyelogram (IVP), 759 
Intraventricular foramen, 395 
Intraventricular septum, 567 


Intravertebral tumors, 411 
Intrinsic factor, 552, 778-79 
Intrinsic muscles, of larynx, 688 
Intrinsic pathway, of blood 
clotting, 559-60, 560f 
Inulin, renal clearance of, 742-45, 
743) 
Inversion, 235, 235f 
In vitro, definition of, 257 
In vitro fertilization, 899, 926 
In vivo, definition of, 257 
Involuntary effectors, neural 
control of, 446-48 
lodine-deficrency goiter, 530, 531f 
lon channels, 93, 93f 
lon currents, 352 
lon gating, in axons, 353 
lonic bonds, 24-25 
lonic compound, 2 
lons, 24 
Ipsilateral retlex arc, $35, 438f 
Iris, 491, 492f 
definition of, 492 
development of, 504 
lron 
deficiency, symptoms of, 139t 
in serum, laboratory testing of, 
942 
Iron-binding capacity, in serum, 
laboratory testing of, 942 
lron-deticitency anemia, 147, 552 
Irregular bones, 1647, 165 
Irritant reflexes, 706 
IRV. See Inspiratory reserve 
volume 
Ischemia, 82 
myocardial, 82 
Ischemic, definition of, 608 
Ischemic heart disease, 608 
Ischial tuberosity, 211 
Ischiocavernosus muscle, 293, 295¢ 
Ischiotemoral ligament, 241 
Ischium, 209, 211 
definition of, 209 
Islets of Langerhans, 531-32, 532f, 
794 
Isoenzymes, 72 
identification of, 87 
Isomerases, 70-72 
Isometric, definition of, 260 
Isometric contracuon, 259f, 
259-60 
lsosmotic, definition of, 96 
Isotonic, definition of, 96, 259 
lsotonic contraction, 259f, 259-60 
Isotopes, 22-23 
detinition of, 22 
lsotransplant, 134 
lsovolumetne contraction, 573 
lsovolumetric relaxation, 574 
Isthmus of uterus, 873 
IUD. Sce Intrauterine device 
IVP. See Intravenous pyelogram 
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Jammed tinger, 241 
Jaundice, 806 
definition of, 141 
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Jeyunoileal bypass, definition of, 
806 
Jeyunum, definition of, 781 
Jenner, Edward, 663 
Jer-lag, 533 
Joint(s), 223-53 
ankle, 245, 246f 
ball-and-socket, 231, 231f 
cartilaginous. See Cartilaginous 
jomts 
Classification of, 224 
condylotd, 229, 230f, 232r 
coxal, 241-42, 243 
diseases of, 249-50 
elbow, 241, 242f 
fibrous. See Fibrous joints 
gliding, 228, 230f, 232 
hinge, 228, 230f, 232¢ 
hip, 241-42, 243 
humeral, 240-41 
humeroscapular, 240f 
interphalangeal, 241, 243f 
knee, 244/, 244-45 
metacarpophalangeal, 241, 243f 
patellotemoral, 244 
pivot, 229, 230f, 232 
popping and cracking of, 228 
sacroiliac, 198 
saddle, 231, 231f, 232t 
shoulder, 240f, 240-41 
strained, 245 
synovial. See Synovial joints 
talocrural, 245, 246f 
tarsometatarsal, 216 
temporomandibular, 185, 
238-40, 239f, 240 
tubrofemoral, 244f, 244-45 
trauma to, 245-49 
Joint capsule, 227, 248 
Joint cavity, 248 
Joint disorders, treatment of, 250 
Joint kinesthetic receptors, 471 
Joint prostheses, 250, 250f-251f 
Jugular, definition of, 592 
Jugular foramen, 179r, 185 
Jugular notch, 199 
Juvenile onset diabetes. See Type | 
diabetes mellitus 
Juxtaglomerular apparatus, 621, 
748f, 748-49 
Juxtamedullary nephrons, 731, 


732f 


K 


Kallikrein, 560 
Kapost’s sarcoma, 669 
Karyotyping, 922, 922 


Keratin, 38, 135 = 


definition of, 113 
Keratmization, 138 
Keratinocyte, definition of, 138 
Keratitis, 508 
Keratosts, definition of, 156 
Ketoacidosis, 33, 58, 713 
Kerovenesis, 793 
Ketone bodies, 32-33, 819, &22 

secretion of, 793 


Ketones, 27, 29f 
Ketosis, 33 
Kidney(s), 728f 
control of acid-base balance, 
750-53 
control of electrolyte balance, 
747-50 
position of, 728 
regulation of blood volume, 619 
structure of, 728-29, 729f, 730f 
microscopic, 730-31 
Kidney failure, 760 
Killer T cell(s), 667 
and cancer, 674, 674f 
Kilocalore, 812 
Kinesiology, 22 
definition of, 224 
Kinesthetic sense, 471 
Kinocilium, 479, 479f 
Klinefelter, Harry F., Jr., 863 
Klinefelter's syndrome, 840 
Knee, 15, 213f 
jount, 244f, 244-45 
reflex, 4400, 441f, 472, 473f 
Korotkott, Nicolar S., 637 
Korotkoff sounds, 637f, 637-38 
Krause, Wilhelm J., 469 
Krebs, Hans A., 82 
Krebs cycle, 83/, 83-84, 84f 
Kupffer, Karl Wilhelm von, 652, 
789 
Kupffer cells, 652, 789 
Kwashiorkor, 833 
Kyphosis, definition of, 249 


A 


Labial frenulum, 770 
Labia majora, 876 
development of, 859 
Labia minora, 876 
development of, 859 
Labioscrotal swellings, 859, 889 
Labor, 920-22 
dilation stage of, 921, 921f 
expulsion stage of, 921f, 922 
false, 920 
onset of, 920 
events leading to, 921t 
placental stage of 921f, 922 
true, 920 
Labrum, definition of, 240 
Lacrimal apparatus, 490f, 490-91 
Lacrimal bone, 189 
Lacrimal caruncle, 459 
Lacrimal ducts, development of, 
504 
Lacrimal fluid, 490 
Lacrimal glands, 490-91 
development of, 504 
Lacrimal puncta, 491 
Lacrimal sulcus, 159 
Lactase, 753 
Lactate dehydrogenase (LDH), 608 
Lactation, 887-88, SS8f 
hormonal factors atfecting, 
8871, 887f 
Lacteal, 782 
definition of, 648 


Lactic acid, 822 
in whole blood, laboratory 
testing of, 942 
Lactic acid fermentation, 81, 81f 
Lactic dehydrogenase (LDH), in 
serum, laboratory testing 
of, 942 
Lactiferous ducts, 887 
Lactiferous sinus, 887 
Lactose, 30 
Lactose intolerance, 783, 787 
Lacunae, 130, 167 
definition of, 126 
Lambdoidal, definition of, 193 
Lambdoidal suture, 185, 193 
in developing skull, 193f 
Lamellae, 130, 167 
Lamellated corpuscle, 467, 468 
Lamina(e), 194 
definition of, 194 
Lamina propria, 767 
Laminar, definition of, 636 
Laminectomy, 196 
Landsteiner, Karl, 655 
Langerhans, Paul, 531, 794 
Langerhans cells, 135 
Language, and brain, 388-90, 389f 
Language ability, recovery atter 
trauma, 390 
Lanugo, definition of, 146, 920 
Laparoscope, 926, 926f 
Laparoscopy, 890 
LaPlace, law of, 694, 694 
Large intestine, 16f. 766, 784-87, 
755f 
absorpuon of fluids and 
electrolytes, 786 
mechanical activities of, 787 
regions and structures of, 
785-86 
Laron dwartism, 832 
Laryngeal muscles, 658 
Laryngeal prominence, 687 
Laryngitis, 720 
Laryngopharynx, 656 
Larynygotracheal bud, 717 
Larynx, 687f, 687-88, 688f 
Lateral, definition of, 12t 
Lateral angle, of seapula, 203 
Lateral antebrachial cutaneous 
nerve, 302¢ 
Lateral apertures, 399 
Lateral border, of scapula, 203 
Lateral cartilages, 384 
Lateral cervical ligaments, 873 
Lateral circumflex artery, 590 
Lateral collateral hyament, 241, 
245 
Lateral commissure, of eye, 489 
Lateral condyle 
of fernur, 212 
ot aba, 213 
Lateral cord, 429 
Lateral corticospinal tracts, 403 
Lateral crural muscles, 315, 
VLSf-3LOf, BSc 
Lateral epreondyles 
of tibia, 213-14 
of ulna, 204 


Lateral epicondylitis, 204-5 
Lateral flexion, 236f 
Lateral funicult, of spinal cord, 403 
Lateral geniculate body, 502 
Lateral head, of triceps brachu 
muscle, 299 
Lateral horns, of spinal cord, 408 
Lateral hibition, 471, 503 
Lareral ligament, of 
temporomandibular 
yount, 238-39 
Lateral malleolus, 214 
Lateral meniscus, of knee, 245 
Lateral patellar retinaculum, 244 
Lateral plantar artery, 591 
Lateral plantar nerve, 436 
Lateral pterygond muscle, 285, 286r 
Lateral rectus muscle, 285, 287¢, 
22,491 
Lateral sacral artery, 590 
Lateral spinothalamic tract, 469, 
474 
Lateral sulcus, 354 
Lateral ventricle (cerebral), 380, 
398 
Latissimus, definition of, 300 
Latissimus dorsi muscle, 297, 300r, 
332 
Law of LaPlace, 694, 694f 
Law of specific nerve energies, 466 
Lazy eye, 491 
LDH. See Lactic dehydrogenase 
LDLs. See Low-density lipoproteins 
(LDLs) 
L-dopa, 352 
side effects of, 366 
Leber's hereditary optic 
neuropathy, 50 
Lecithin, 33, 33f 
Lett atrium, 569 
Left common carotid artery, 583 
Left yastric artery, 589 
Left gastroepiplore vein, 600f 
Left hemisphere, cerebral, 380, 393 
Lett lobe, of liv er, 788 
Lett subclavian artery, 583, 587 
Lett ventricle, 569-70 
Ley, 15 
anterior view of, 336f 
bones of, 213-14 
lateral surtace of, 328f 
medial surface of, 328f 
muscles of, that move ankle, 
foot, and toes, 313-17, 
s1dt 
Posterior surtace of, 328f 
Posterior view of, 336 
thigh muscles that move, 
SLO-13, 313, 314e 
Length-tension relationship, 267, 
267f 
Lens, 492/ 
Lens capsule, 492 
development of, 504 
Lens vesicle, 504 
Lentitorm, detinition of, 388 
Lentilorm nucleus, 388 
Lesser Comua, of hyord bone, 190 
Lesser curvature, of stomach, 777 
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Lesser occipital nerve, 332 
Lesser omentum, L6f, 117f, 767, 
TOSS 
Lesser palatine foramen, 179t, 189 
Lesser pelvis, 209, 212 
Lesser setatie notch, 211 
Lesser trochanter, 212 
Lesser tubercle, of humerus, 204 
Lesser wings, of sphenotd bone, 
186 
Leukemia, 554 
Leukocytes, 131f, 550, 552-53 
agranular, 553 
definition of, 130, 552 
staining of, 553 
Leukocytosis, 554 
Leukomelanopathy, hereditary, 
929 
Leukopotesis, 554 
Leukorrhea, 892 
Leukotrenes, 541, 677 
formation and action of, 541 
Levator, definition of, 283 
Levator ani muscle, 292, 295¢ 
Levator lab superioris muscle, 
2551 
Levator palpebrae superioris 
muscle, 285-87, 421 
Levator scapulae muscle, 296, 2991 
Levers, 235-38, 238/ 
Leydig. Franz von, 533 
LH. See Lutemizing hormone (LH) 
Life cycle, human, 839f 
Ligament(s) 
anterior cruciate, 245 
anterior talofibular, 245 
arcuate popliteal, 245 
artificial, 227 
broad, 873, 877 
caleancotibular, 245 
cardinal, 873 
collateral, 241 
of knee, 245 
of Cooper, S87 
coracohumeral, 241 
definition of, 122 
deltord. 245 
falcitorm, 767, 788 
glenohumeral, 241 
ingomal, 332 
ischiotemoral, 241 
lateral, of temporomandibular 
yornt, 235-39 
Lareral cervical, 873 
lateral collateral, 241, 245 
medial collareral, 241 
median umbilical, 754 
oblique popliteal, 245 
ovanan, 977 
palmar, 241 
patellar, 244, S111 
posterior cruciate, 245 
posterior talotibular, 245 
pubotemeoral, 241 
pulmonary, 691-92 
radial collateral, 241 
round, 873-74 
sphenomandibular, 239 
stylomandibular, 239 
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suspensory, 494, 877, 887 
transverse, of knee, 245 
transverse acetabular, 242 
ulnar collateral, 241 
Ligaments of Cooper, 887 
Ligamentum arteriosum, 603 
Ligamentum capitis femoris, 242 
Ligamentum denticulatum, 398 
Ligamentum teres, 789 
Light microscopy, 107, 107f 
Limb buds, 218, 914 
Limbic, definition of, 460 
Limbic system, 461f 
control of autonomic nervous 
system, 460 
Linea alba, 291, 332 
Linea aspera, 212 
definition of, 212 
Lineae albicantes, 142, 142f 
Lingual artery, 585 
Lingual frenulum, 771 
Lingual tonsils, 686, 771 
Linoleic acid, 815 
Linolenic acid, 815 
Lipase, 795 
Lipids, 32-34. See also Fat 
absorption of, 798 
in cell membrane, 42 
definition of, 32 
digestion of, 798, 799f 
metabolism of, 817-19 
total 
in blood, normal range for, 
I7t 
in serum, laboratory testing 
of, 942 
transport in blood, 798-99 
Lipogenesis, 793, 817-18, 818f 
Lipolysis, 532, 818 
Lipoprotein lipase, 798 
Lipoproteins, 36, 606-8 
characteristics of, SOOr 
Lipoxyvenase, 541 
Lips, 770-71 
Liver, L6f, 766, 788f, 788-93 
autonomic effects on, 455¢ 
compounds secreted by, 7904 
disorders of, 803-6 
function of, 791r, 791-93 
histoloyy of, 7S9f 
structure of, 788-91 
Liver disease, S7t 
Liver lobule, 789f, 790 
tlow of blood and bile in, 790f 
Loading reaction, 708-9 
Lobes, of mammary gland, 586 
Lobules 
oft liver, 789f, 790, 7904 
oft lung, 6924 
ot mammary gland, 887 
Local anesthene, 409 
Local etfect, of burns, 151 
Lock and key model, of enzyme 
action, a0, Ty 
Locomotion, bipedal, 5 
Loews Orr, 355 
Long bone, 1o4, lody, 165f 
fractures of, 166, 220 
vross anatomy of, 165-66 


Long head 
of biceps brachu muscle, 298 
of triceps brachii muscle, 299 
Longissimus capitis muscle, 296t 
Longissimus cervicis muscle, 296r 
Longissimus muscle, 293 
Longissimus thoracis muscle, 296¢ 
Longitudinal arch, 216, 2 16f 
Longitudinal cerebral fissure, 380 
Longitudinal layer, of stomach, 777 
Long plantar lament, 321f 
Long-term memory, 390 
Long-term potentiation (LTP), 368 
Lonyus, definition of, 283 
Loop of Henle, 731 
Loose connective tissue, 122, 123f, 
127¢ 
Lordosis, definition of, 249 
Low-density lipoproteins (LDLs), 
606, 798-99 
Lower esophageal sphincter, 776 
Lower extremity, 12, 15, 1611, 162 
arteries of, 590-91, 593f 
bones of, 217¢ 
developmental disorders of, 
216-17 
veins of, 597-98, 599f 
Lower nerve block, 190 
Lucidum, definition of, 140 
Lumbago, definition of, 319 
Lumbar, definition of, 197 
Lumbar curve, 191, 194f 
Lumbar enlargement, 402 
Lumbar nodes, 650 
Lumbar plexus, 432, 433f 
branches of, 433f 
Lumbar puncture, 409, 409f 
Lumbar region, 15 
Lumbar vertebrae, 191, 197, 197f 
Lumbosacral plexus, 434 
Lumbosacral trunk, 434 
Lumbricales muscles, 305, 307¢, 
x2 
Lumen, definition of, 606 
Lumpectomy, 893 
Lunate, definition of, 206 
Lunate bone, 206 
Lung cancer, 147 
Luny capacities, definition of, 699¢ 
Lung disorders 
obstructive, 698 
restrictive, 698 
Lungs, 690-91, 692f 
autonomic effects on, 455t 
physteal properties of, 693-94 
Lung volume, 696 
definition at, 699¢ 
Lunula, detininion otf, 147 
Luschha. Hubert, $99 
Luteal phase, of menstrual cycle, 
SSI-N3 
Luremuzing hormone (LED), 320, 
842,878, SSO 
Lutemizing hormone-releasing 
hormene (LHRL), 542 
Luteolysin, S83 
Luteotropin, 520 
Luxation, 245-46 
definitian of, 245 


Lymph, 618, 648 
definition of, 648 
Lymphatic capillary, 618, 618f 
Lymphatic drainage, 618 
Lymphatic system, 349f, 550, 
645-51 
Interactions 
with circulatory system, 644 
with divestive system, 808 
with endocrine system, 546 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
680 
with reproductive system, 
868 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
Lymphatic vessels, 648f 
Lymph capillaries, 648 
Lymph ducts, 645-49 
Lymph nodes, 551, 649f, 649-50 
locations of, 650 
Lymphoblasts, 555 
Lymphocytes, 553, 554f, 555, 648, 
655-56 
Lymphocytic thyrorditis, 676, 676f 
Lymphoid organs, 650-51, 651¢ 
Lymphoid tssue, 554 
Lymphokine-activated killer cells, 
675 
Lymphokines, 540, 555, 669-70 
Lymph vessels, 550 
Lysosomes, 45-49, 49f 
function of, 65 
primary, 48, 49/ 
secondary, 48, 49f 
structure and funerion of, 43¢ 
Lysozyme, 491 


Macrophage colony stumulating 
factor, 669 
Macrophayes, 651 
Interactions with T 
IlWinphocytes, 670-72, 
670-67 
Macrophagic, definition of, 140 
Macula densa, detinition ot, 749 
Macula lutea, detinitton of, 500 
Mayendic, Frangers, 399 
Magnetic resonance unaging, 10, 
10. 400 
Magnum, detinition of, ISS 
Mayor calya, 729 
Major histocomp atibiliry complex 
(MHIOY, O70 
Male pseudohermaphroditism, 863 
Male reproductive system, 845-69 
accessory glands of, 854-56 
diseases of, 365 67 
functional Considerations 
regarding, 804-65 
Posterior view of, S464 
sagittal view of, S4Of 
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Malignant, definition of, 151, 674 
Malleolus, definition of, 214 
Maltleus, 191] 
detinition of, 191, 483 
Maltose, 30, 796 
Maltriose, 796 
Mammalia, 7-8 
Mammary ducts, 887 
Mammary glands, 149, 872 
diseases of, 892-93 
structure of, SS6f, S86-87 
Mammary region, 13f, 14 
Mammography, 892, 89 uf 
Mandible, 190f, 190 
body of, 190 
definition of, 190 
Mandibular foramen, 1791, 190 
Mandibular fossa, 185 
Mandibular nerve, 421 
Mandibular nerve block, 422 
Mandibular norch, 190 
Manic-depressive psychosis, 410 
Mannitol, 758 
Mantoux rest, 678 
Manubrium, definition of, 199 
Manus, 15 
bones of, 206-9 
Marfan, Antoine Bernard-Jean, 
929 
Marfan’s syndrome, definition of, 
929 
Mass action, law of, 74 
Mass activation, 449 
Masseter, definition of, 286 
Masserer muscle, 285, 286¢ 
Mass movement, 787 
Mast cells, 122 
Mastectomy, 892 
Mastication 
definition of, 766 
muscles of, 285, 286f, 286¢ 
Mastord, definition of, 185 
Mastoid cells, 185 
Mastord fontanel, 192 
Mastoid foramen, 185 
Mastotditis, 155 
Mastoid part, of temporal bone, 
185 
Masturbation, 564 
Matrix, definition of, 107 
Mature vesicular follicle, 877, 878f 
Maturity-onset diabetes. See Type 
IT diabetes mellitus 
Manilla, [S5f, 185-59 
Maxillary nerve, 421 
Maxillary nerve block, 422 
Maxillary sinus, 158 
Maxillary te mporal artery, 555-87 
Maximal oxygen uptake, 271 
Maximum tension, 272 
Maximus, definition af, 283 
Mean arterial pressure, 639f, 
639-40 
Meatus, detinition of, 685 
Mechanoreceptors, 465 
Medial, definition of, 12t 
Medial border, of scapula, 203 
Medial circumflex artery, 590 
Medial collateral ligament, 241 


Medial commissure, of eye, 489 
Medial condyle 
ot femur, 212 
of ubia, 213 
Medal cord, 429 
Medial cuneiform bone, 216 
Medial epicondyles 
of ubta, 214 
of ulna, 204 
Medial head, of triceps brachu 
muscle, 299 
Medial lemniscus, 474 
Medial malleolus, 214, 322f 
Medial meniscus, of knee, 245 
Medial patellar retinaculum, 244 
Medial plantar artery, 591 
Medial plantar nerve, 436 
Medial pterygoid muscle, 285, 286t 
Medial rectus muscle, 285, 287, 
421, 491 
Median aperture, 399 
Median cubital vein, 594 
Median eminence, 521 
Median nerve, 302¢, 432, 432f 
Median sacral crest, 198 
Median septum, 856 
Median umbilical ligament, 754 
Mediastinum, 15, 16f, 690-91, 
691f 
definition of, 690 
Medical physiology, 5f 
Medulla, definition of, 394, 450 
Medulla oblongata, 394-95 
control of autonomic nervous 
system, 460, 460r 
sagittal section of, 395f 
Medullary cavity, 165 
Megakaryoblasts, 555 
Megakaryocytes, 553 
Meibom, Heinrich, 490 
Meibomian glands, 490 
Meuosis, 62-65, 850 
definition of, 64 
stages of, 64¢, 65f 
Merssner, Georg, 467, 769 
Meissner's corpuscles, 467 
Merssner’s plexus, 769 
Melancholic, definition of, 2 
Melanin, 138, 140, 148 
Melanoblasts, 148 
Melanocyte(s), 141f, 148 
definition of, 138 
Melanocyte-stumulating hormone 
(MSH), 520 
Melanoma, definition of, 156 
Melatonin, 532-33, 844-45 
pathway tor, 544f 
Membrane(s) 
anal, SC4 
hasement, 110 
basilar, 485, 455/ 
hody, 116-17 
cell. See Cell membrane 
cloacal, 804 
exe wh mic, 9 l 0 
extraembryonic, 9OSf, YOS-10, 
oof 
mucous, 116 
nuclear. See Nuclear membrane 


oral, BO4 
oronasal, 717 
otolith, 480 
pericardial, 116-17 
pertodonral, 773 
pleural, O91f 
serous, 116, 566f, 767, 767f 
synovial, 248 
tectorial, 486 
tympanic. See Tympanic 
membrane 
urogenital, 804 
vestibular, 485 
Membrane carriers, inherited 
detects in, 103 
Membrane potential, 100-103, 
IClf 
resting, 102-3 
Membranous epithelia, 
characteristics of, 
109-10 
Membranous labyrinth, 478, 478f 
Membranous urethra, 755, 856 
Memory, and brain, 390 
Menarche, 872 
definiuon of, 843-44 
Méniére, Prosper, 506 
Méniere’s disease, 482, 506 
Meningeal branch, of spinal nerve, 
428 
Meningeal layer, 396 
Meningeal vein, 594 
Meninges, 376, 396-98, 397f, 398f 
definition of, 396 
Meningioma, 411 
Meningitis, 188, 398, 412 
chronic, 412 
Meniscus(1), 127, 22 
definition of, 227 
of knee, 248 
Menopause, 885-86 
Menorrhagia, 891 
Menses, definition of, 874 
Menstrual cycle, 881-86, 882f. See 
also Ovarian cycle 
phases of, 881-83, 885r 
Menstrual phase, of endometrium, 
884 
Menstruation, synchronization of, 
526 
Mental foramen, 179 
of mandible, 190 
Mental illness, 410 
Mentalis muscle, 285¢ 
Merkel cells, 138 
Merocrine glands, 120¢ 
definition of, LIS 
Mesencephalie aqueduct, 392, 398 
Mesence phalon, 77, 392 
development of, 379 
Mesenchymal condensations, 488 
Mesenchymal primordium, 21Sf 
Mesenchyme, 121, 121f, 163, 913 
definition of, 148 
Mesentene patches, 751 
Mesenterv(ies), L6f, L17f, 117, 
TONy 
definition ot, 767 
vascular supply to, 5514 


Mesocolon, 767, 784 
Mesoderm, 904-5 
definition of, 109, 904 
derivatives of, 109t 
Mesonephric duct, 859 
Mesc mnephros, 756 
Mesothelium, 110 
Mesovarium, 877 
Metabolic control mechanisms, 
626 
Metabolic disturbances, 87-88 
Metabolic pathways, 74f, 74-75 
branched, 74, 74f 
Metabolic rate, 812 
factors affecting, 812 
Metabolic regulation, 631-32 
Metabolism 
balance of, 823f 
clinical considerations 
regarding, 833-35 
definition of, 79 
effects of growth hormone on, 
831, 832f 
inborn error of, 75 
regulation of, 811-37 
by adrenal hormones, 
828-29 
endocrine, 824 
hormonal, 823, 824f 
by thyroxine, 829-30 
Metacarpal bones, 208, 209¢ 
Metacarpophalangeal joints, 241, 
243f 
Metacarpus, 208 
Metanephros, 756 
Metaphase, 62, 63f 
Metastases, in lymphatic system, 
650 
Metastasis, definition of, 674 
Metastatic neoplasms, 411 
Metatarsal bone, 217¢ 
head of, 216 
shatt of, 216 
Metatarsophalangeal joints, 216 
Metatarsus, 216 
Metencephalon, 393-94 
development of, 379 
Methane, 24f 
Methemoylobin, 707 
Metopie suture, 184 
Metrorrhagia, 891 
MI (Myocardial infarction), 608 
Micelles, 33-34, 34/, 792 
Microcephaly, 370 
Microcirculation, 581f 
Microfilaments, in cytoplasm, 47 
Microglia 
detinition of, 348, 349 
function of, 349¢ 
Micromeha, definition of, 218 
Microscope, development ot, 4-3 
Microscopy, 107 
Microtubules 
in cytoplasm, 47, 48f 
942 arrangement of, 47/ 
structure and tuncuon of, 43¢ 
Macrowilli, 47f, 782, 783/ 
definition of, 46, 93 
role in diffusion, 93 
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Micturition, 459, 755-56, 758r 
Midbrain. See Mesencephalon 
Maddle ages, 3 
Middle cardiac vein, 571 
Middle cerebellar peduncles, 393 
Middle cerebral artery, 585 
Middle constrictor muscle, 774 
Middle ear, 483, 4837 
development of, 485 
Middle ear cavity, 179 
Middle lobe, of lung, 691, 692f 
Middle nasal concha, 187, 685 
Middle rectal artery, 590 
Middle trunk, of brachial plexus, 
429 
Midsagittal plane, 10 
Migraine, 410 
Milk-eyection reflex, 888 
Milk letdown, 888 
Milk teeth, 771 
Mineralocorticoids, 526, 828 
Minerals, 816 
Mineral storage, in bones, 162 
Minimus, definition of, 283 
Minor calyx, 729 
Miscarnage, 908 
Mitochondria, 49f, 49-50 
inheritance through, 50 
structure and function of, 43¢ 
Mitochondrion, 49f 
definition of, 49 
Mitosis, 61-62, 63f 
and aginy, 66 
Mitral, detinition of, 569 
Mitral valve, 569 
Mixed nerve(s), 347, 417 
Modified radical mastectomy, 892 
Molality, 95, 95/ 
Molar, 26 
definition of, [88,771 
Molanty, 95, 95f 
Molars, [SS 
Molding, 192 
Mole, 95 
Molecules, 23f, 24f 
definition of, 23 
Monoamine oxidase, 364 
Monoamine oxidase inhibitors, 364 
Monoamines, 364 
Mc me blast an 55 5 
Monochromats, 500 
Monoclonal antibodies, 666 
production of, 667f 
Momocytes, 553, 554f, 555, 651 
Mone nlye ertdes, 798, 800f 
Monohybrid cross, 923 
Monotodoryrosine (MIT), 529 
Monomers, 765 
Mononuclear phagocyte system, 
651 
Monosaccharides, 29, 29f 
Monosynaptic reflex arc, 438 
Monosynaptic stretch reflex, 472, 
474 
Monorzygotie twins, 926, 927f 
Monro, Alexander, Jr, 398 
Mons pubis, $76 
Morphine, 367 


Downloaded from Durr-e-Danish Library 


Morphogenesis, 899 
Morula, 1O8f, 902, 902f 
Motility 
in digestive tract, 766 
intestinal contractions and, 
783-84 
Motor end plate, 261/, 361 
Motor nerves, 416-17, 421 
Motor neurons, 346-47, 
346f-347f, 438 
definition of, 345¢ 
Motor speech area, 388 
Motor units, 260 
Mounting, 134 
Mouth, 770f, 770-74 
Mouth-to-mouth resuscitation, 722 
Movement 
angular, 231-33, 237f 
biomechanics of, 235-38 
circular, 231, 233-34 
of eye, 502 
Movement of the Heart and Blood in 
Animals, On the, 4 
MRI (Magnetic resonance 
imaging), 409 
MS. See Multiple sclerosis 
MSH. See Melanocyte-stimulating 
hormone (MSH) 
Mucoid connective tissue, 913 
Mucosa 
of gastrointestinal tract, 767 
of stomach, 778f 
of ureters, 753 
of urinary bladder, 754 
of uterine tube, 872 
Mucosal layer, of vagina, 875 
Mucous connective tissue, 121 
Mucous membranes, 116 
Muller, Johannes Peter, 5, 859 
Mullerian ducts, 859, 889 
Mullerian inhibition factor, 859, 
859 
Multicellular exocrine glands, 
117-20, 1201 
secretory Classification of, L19f 
structural classitication of, L1L9f 
Multipennate muscles, 281, 283f 
Muluple pregnancy, 926 
Multiple sclerosis (MS), definition 
of, 370 
Multtpolar neurons, 347 
Multi-unit smooth muscles, 274 
Muscarine, 457 
Muscarinic effects, 457 
Muscarinic receptors, 457 
Muscle architecture, 281, 283 
Muscle atrophy, 134. 319 
Muscle condition, diagnosis of, 318 
Muscle contractions, types of, 
257-60 
Muscle tutigue, 272-73 
Muscle tibers, 255, 257f, 264f 
innervation of, 262f 
skeletal, 255-57 
Muscle groups, 281 
Muscles 
ot abdominal wall, 291, 293¢ 
antertor view of, 332 


antagonistic, 281, 282f 

of appendicular skeleton, 
296-317 

attachment of, 255 

of brachtum, 301f 

clinical considerations 
regarding, 317-22 

connective tissue associated 
with, 255, 257 

crural, 313-17, 315f-317f, 
318t, 319f-320f 

diseases of, 319-22 

of facial expression, 283-85, 
254/, 285f 

of foot, 317, 321f-322 


of forearm, 298-99, 302f, 302r, 


303f 
that move wrist, hand, and 
fingers, 299-305, 304¢ 
functional conditions in, 
318-19 
of gluteal region, 298f 
of hand, 305, 306f, 307¢ 
of head, anterior view of, 329f 
of humerus, 297-98, 298f, 
3001-301 t 
hypertrophy of, 319 
of leg, that move ankle, foot, 
and toes, 313-17, 318¢ 
of mastication, 285, 286f, 286r 
naming of, 281-83 
of neck, 287-90, 292/, 298f 
neoplasms of, 322 
ocular, 285, 287f, 287¢ 
of pectoral girdle, 296-97, 299¢ 
of pelvic outlet, 292-93, 294f, 
295t 
postural, 272 
of respiration, 290-91, 291f, 
696f 
of shoulder, 297f, 298f, 300f, 
301f 
skeletal. See Skeletal muscles 
strained, 319 
surrounding popliteal fossa, 
320f 
synergistic, 281, 282 
of thigh, 305-10, 308f, 309¢, 
S1LOf-313f, 311f, 312¢ 
that move leg, 310-13, 
3130, 314e 
of tongue, 287, 288f, 288r 
of trunk, 297f, 298f 
of vertebral column, 293, 295f, 
296r 
Muscle tissue(s), 107, 130-31, 
132, 256¢ 
Muscle tone, $73 
Muscular arteries, 579 
Muscular dystrophy, 871, 271, 319 
Muscularts 
of gastrointestinal tract, 767, 
769 
of ureters, 753 
ofurmary bladder, 754 
ot uterine tube, 872 
of vagina, S75 
Muscularis mucosa, 767 


Muscular system, 280-323 
Interactions 
with circulatory system, 644 
with digestive system, 808 
with endocrine system, 546 
with immune and lymphatic 
systems, 650 
with integumentary system, 
157 
with nervous system, 372 
with other body systems, 
277 
with reproductive system, 
568 
with respiratory system, 723 
with sensory system, 3510 
with skeletal system, 175 
with urinary system, 761 
organization of, 251 
Muscuk CulaNncous Nerve, 43 f: 43 If 
Musculotendinous cutt, 241, 298 
Myalgta, definition of, 322 
Myasthenia, definition of, 322, 361 
Myasthenta gravis, 322, 361, 371, 
670 
Myelencephalon, 394-96 
development of, 379 
Myelinated axons, 349 
conduction in, 357, 357f 
Myelinated neuron, 349f, 350f 
Myelin sheath, 349 
diseases of, 370-71 
formation of, 350, 350/-351f 
Myeloblasrs, 555 
Myeloid tissue, 554 
Myenteric plexus, 769 
Mylohyoud muscle, 290 
Myoblasts, 276 
definition of, 276 
Myocardial cells, 274 
Myocardial infarction (MI), 87¢, 
271, 608 
Myocardial ischemia, 82, 577 
Myocardium, 274, 566-67, 570 
Myofibers, 255 
Myofibrils, 257t, 260, 262/, 263f, 
264f 
Myoftlaments, 257¢, 260 
Myogenie activity, 275 
Myogente control mechanisms, 626 
Myogemie regulation, 631 
Myoglobin, 272, 627 
Myokymua, definition of, 322 
Myoma, detinition of, 322 
Myometrium, 874 
Myoneural yunctions, 358 
Myopathy, detinition of, 322 
Myopia, 307, 307 
Myosin, 266/ 
definition of, 263 
Myosin ATPase, 264-67 
acuity of, 272f 
Myosin light chain kinase, 274 
Myaotomy, definition of, 322 
Myotonia, definition of, 322 
Myringotomy, 506, 306f 
Myxedema, 830 
definition ot, 543 
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Natarelin, $43 
Nail hed, 147 
Nail body, 147 
Nail matrix, 147 
Nails, 146-47 
condition of, in disease, 147 
Naloxone, 367, 823 
Naming, of muscles, 281-83 
Nasal hones, 189, 384 
Nasal caviry, 179, 384, 770f 
bones of, ISSt 
functions of, 685 
lateral wall of, 187f 
Nasal fossae, 179 
Nasalis, definition of, 283 
Nasalis muscle, 285¢ 
Nasal septum, 179, 384 
Nasolacrimal canal, 179t, [89 
Nasolacrimal duets, 685 
Nasopharyny, 384, 685 
Natriuresis, detinition of, 621 
Natriuretic, definition of, 749 
Natriuretic hormone, 749 
Natural killer cells, 654, 675 
Nausea, definition of, 806 
Navel, 14 
Navicular bone, 216. See Scaphod 
hi me 
Near-point-of-vision test, 496 
Nearsightedness, 507, 507/ 
Neck 
anterior view of, 329 
anterolateral view of, 324f 
arrertes of, 383-87, 586f 
hlood supply to, 585-87 
of femur, 212 
muscles of, 287-90, 292f, 298f 
anterior view of, 289f 
lateral view of, 289f 
posterior view of, 289f 
posterior view of, 332f 
of mb, 200 
sagittal section of, 330f 
veins of 5Y2-94, 596f 
Necropsies, definition of, 3 
Necrosis, definition of, 134 
Negative feedback control, of 
calctum and phosphate 
balance, 173 
Nepative feedback inhibition, 19, 
523 
of gonadotropin secretion, 842 
in menstrual cycle, 883 
Negative feedback loop, 17f, 
17-18, L8f, 353, 354 
Negative pressure, 693 
Netsseria gonorrhoeae , 865 
Neoplasms, 411. See also Cancer; 
Tumors 
ot bone, 174 
of central nervous system, 411 
definition of, 151 
of muscle, 322 
ovariin, 890 
of skin, 151 
uterine, AY 
Nephritis, 754, 759 


Nephron, 729/, 730-31, 731f 
Nephron loop, 731 
Nerve(s), 347 
classitication of, 346-47 
detinition of, 345¢ 
Nerve block, 409 
Nerve fiber(s), 133, 346 
Nerve gas, 363¢ 
Nerve growth factor, 351, 541 
Nerve impulses, 354 
conduction of, 356-57 
Nerve pathways, 437 
Nerve plexuses, 428-36 
Nervous layer, 496 
Nervous system 
anatomical terms used in 
describing, 345¢ 
autonomic. See Autonomic 
Nervous system 
central. See Central nervous 
system 
clinical consideranions 
regarding, 369-71 
degenerative diseases of, 412 
developmental problems of, 370 
disorders of, 410-12 
functional organization of, 
344-74 
Interacthons 
with circularory system, 644 
with divestive system, 808 
with endocrine system, 546 
with immune and lymphatic 
systems, 650 
with integumentary system, 
157 
with muscular system, 277 
with other body systems, 
372 
with reproductive system, 
S65 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
peripheral. See Peripheral 
Nervous system 
Nervous tissue, 107, 131-33, 133 
aging of, 377-80 
Net diffusion, 92, 92f 
Net filtration pressure, 616 
Neural crest, 379 
Neural folds, 378 
Neural pathways 
tor equilibrium, 481, 48 Uf 
tor hearing, 486-87, 457f 
from retina, 302f, 502-3 
for somatic sensations, 473-74, 
475/ 
Neural plate, 378 
Neural regulation, [8-19 
and endocrine regulation, 
516-18 
Neural tube, 375 
Neurtlemma, 349 
Neurocranium, 192 
Neuroendocrine reflexes, 521, 888 
Neurotibril nodes, 350 
Neurogenic shock, 642 


Neuroglia, 133, 133/, 345, 348-52 
definition of, 133, 345 
Neuroghial cells 
development of, 378 
functions of, 349: 
Neurohypophysis, 392, 519 
hypothalamic control of, 521 
Neurolermma sheath, 349 
Neurolemmocytes, function of, 
3491 
Neurclogical assessment, 407-9 
of cranial nerves, 426 
Neuromodulators, 366 
Neuromuscular punction(s), 261f, 
358 
Neuromuscular spindles, 471-73, 
4724 
Neuromuscular transmission, 
problems with, 371 
Neurons, 131-33, 133/, 345-46, 
347f 
action potentials in, 352-57 
cable properties of, 356 
classification of, 346-47 
definition ot, 131 
effect of learning on, 383 
stumulation of, 362-63 
Neurapares, 379 
Neurosis, 410 
Neurosyphilis, 412 
Neurotendinous receptors, 473 
Neurotransmitters, 358, 367¢ 
of autonomic nervous system, 
455, 456/ 
of central nervous system, 364 
Neurotrophins, 541 
Neutral, definition of, 26 
Neutral fats, 32 
Neutrons, 22 
Neutrophils, 553, 554f, 555r, 651 
Nevus, definition of, 156 
Newborn, brain of, 376 
Nexus, definition of, 784 
Nuacin, 79 
deherency, symptoms of, 139¢ 
Nicotinamide adenine 
dinucleotide, 78f, 78-79 
Nicotine, 457 
Nicotinic receptors, 457 
Nidation, definition of, 903 
Nines, rule of, E51, 153f 
Nipple, 887 
Nassl, Franz, 345 
Nassl bodies, 345 
Nitric oxide, 625 
as Neurotransmutter, 367-68 
Nitrogen, 22¢ 
Nitrogen balance, 819 
Nitrogen narcosis, 721 
Nitrovenous base, 51, 52f 
Nitrous oxide, 457 
Nocireceptors, definition of, 465 
Nodes of Ranvier, 350 
Nonadrenergic noncholinergic 
fibers, 457-59 
Nondisplaced tracture, 219 
Nonessential amino acids, $19t, 
S19 
Nonyranular leukocytes, 553 


Non-insulin-dependent diabetes 
mellitus, 544, 833-35 
versus insulin-dependent 
diabetes mellitus, 833¢ 
Nonprgmented granular 
dendrocytes, 138, 140 
Nonpolar molecules, 23 
Nonself antigens, 672 
Nonshivering thermogenesis, 459 
Nonspecific detense mechanisms, 
651 
Nonspecific immunity, 651-55, 
652 
Nonsteroidal anti-intlammatory 
drugs, 545, 779 
Norepinephrine, 364, 366, 450, 
456f. 528, 823 
versus epinephrine, 528¢ 
Normal amenorrhea, S91 
Norplant, 855 
Nose, 684-585 
Nostril, 384 
Notochord, 7, 913 
Nuclear bay fibers, 471 
Nuclear chain tibers, 471 
Nuclear envelope, 49f, 51, 51f 
Nuclear membrane, structure and 
function of, 43¢ 
Nuclear pores, 51. 51f 
Nuclet (ot gray matter), 376 
Nucleie acids, 51-52 
Nuclealus(), 31f, 53 
structure and function of, 43¢ 
Nucleotides, 51, Sly 
Nucleus(1), 22, 50-54, S1f, 465 
definition of, 42, 345¢ 
Nucleus ambiguus, 395, 424 
Nucleus cuneatus, 395 
Nucleus gracihtys, 395 
Nucleus pulposus, 7 
Nurse cells, 840. 845, 848, 850-51 
Nutrient foramina, 166, 204 
Nutritional disorders, of skeletal 
system, 173 
Nutritional requirements, 812-16 
Nutritive transportation, by 
circulatory system, 550 
Nystagmus, 481-82 


0 

Obesity, 812 

Obligatory water loss, 735 
Oblique, detinition of, 283 
Oblique fracture, 219, 219f 
Oblique laver, of stomach, 777 
Oblique muscles, 285 

Obhque popliteal ligament, 245 
Obstructive jaundice, S7t 
Obturator artery, 590) 
Obturatorexternus muscle, 309 
Obturator foramen, 211, 212 
Obturator internus muscle, 309 
Obturator nerve, 432, 4344 
Occipital artery, 332, 585 
Occipital bone, 185-56 
Occipreal condyles, 185-86 
Occipital tontanel, 192 
Oceipttaliy muscle, 2851 
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Occipital lobe, 384t, 385-86 
Ocular muscles, 285 
extrinsic, 287f 
Oculomotor nerve, 421, 421f 
Oddi, Ruggero, 781 
Odontoid process, definition of, 
197 
Off-center field, 503 
Olecranon, 205 
definition of, 204 
Olecranon bursa, 241 
Olecranon fossa, 204 
Olfaction, 477 
Olfactory, definition of, 420 
Olfactory bulb, 420 
Olfactory epithelium, 477f 
Olfactory foramen, 179¢t 
Olfactory nerve, 420, 420f, 477 
Olfactory pit, 717 
Olfactory placode, 717 
Olfactory receptors, 474 
Olfactory tract, 420 
Oligodendrocytes, 351f 
definition of, 348 
function of, 349¢ 
Oligodendroglioma, 411 
Oligosaccharides, 796 
Oligospermia, definition of, 863 
Oliguria, 758-59 
Olive, 394 
Omentum, definition of, 767 
Omohyoid muscle, 290 
Omos, 15 
On-center field, 503 
Oncology, 674 
Oncotic pressure, 617 
Ondine's curse, 703 
Oogenesis, 8S0f 
Ovogonium, 889 
definition of, 840, 889 
Oophorectomy, 890 
Open fracture, 219 
Ophthalmic, definition of, 421 
Ophthalmic artery, 585 
Ophthalmic nerve, 421 
Ophthalmic vein, 594 
Ophthalmology, 504 
Ophthalmoscope, 504 
Opioids, 367 
Opponens, definition of, 307 
Opponens duit minime muscle, 
305, 307¢, 321f 
Opponens pollicis muscle, 305, 
307¢ 
Opposable thumb, 8 
Opsin, 498 
Opsonization, 660, 661 
Opue, definition of, 420 
Optic canal, 186 
Optic chiasma, 420, 502 
Optic cup, 504 
Optic dise, 494 
Optic fissure, 504 
Optic foramen, 17% 
Optic nerve, 4207, 420-21 
development of, 504 
Optic radiation, 503 
Optic stalk, 304 
Optic tectum, 502 


Optic tracts, 420 
Optic vesicle, 504 
Optometry, 503-4 
Oral cavity, 179, 766, 770, 770f 
Oral contraceptives, 884-85, 894f 
Oral glucose tolerance test, 825, 
825f 
Oral membrane, 804 
Ora serrata, definition of, 497 
Orbicularis oculi muscle, 285t, 489 
Orbicularis oris muscle, 285¢ 
Orbit, 179, 488 
hones of, 183f, 184¢ 
Orbital, 22 
Orchiectomy, 867 
Orchitis, 867 
Order Primates, 8 
Organ, definition of, 9 
Organelles, 8 
definition of, 42 
functions of, 65-66 
Organic acids, 27 
Organic molecules, 27-29 
definiuon of, 27 
Organism, 10 
Organ level, 9 
Organ of Corti, 423, 485-87, 486f 
Organs of Ruffini, 469 
Organ-specific phagocytes, 652 
Orgasm, 858 
mechanism of, 877 
Onifice, definition of, 281 
Origin, 255 
Oronasal cavity, 717 
Oronasal membrane, 717 
Oropharynx, 686 
Orthodontics, 170 
Orthostatic hypotension, 635 
Os coxa, 209, 211f, 217¢ 
Osmolality, 96, 96f 
Osmoreceptors, 619 
Osmosis, 93-96, 94f, 735 
definition of, 93 
Osmotic pressure, 94-95, 95f 
Osseous connective tissue, 127 
Ossicle, definition of, 161 
Ossification, 127, 170 
average age of completion of, 
170t 
definiaon of, 160 
endochondral, 163 
intramembranous, 163 
Ossification zone, 169 
Osteoarthritis, 242, 250 
Osteoblast, 166f 
definition of, 166 
Ostevc last, 166f 
definition af, 166 
Osteocyte, 1 30, 166f, 167f, l6sf 
Osteopenic cells, 166 
Osteogenic sarcoma, 174 
Osteotd, 165 
Osteand ostec Aas, 174 
Osteok wy, 1A0 
Osteomalacia, 173 
Ostreomius, | 74 
Osteons, 167, L67f 
Ostcoporasis, 174, 174/ 
Otic, definition of, 488 


Otic ganglion, 452 
Otic placode, 488 
Otitis media, acute purulent, 506 
Otocyst, 488, 489f 
Orvolith, 480 
Otolith membrane, 480 
Otolith organs, 478, 480f 
Otorhinolaryngology, 503 
Otosclerosis, 506 
Otoscope, 503 
definition of, 483 
Outer ear, 482-83, 483 
Oval window, 483 
Ovarian cortex, 877 
Ovarian cycle, 877-78, 882f, 903f. 
See also Menstrual cycle 
endocrine control of, 884f 
Ovanian follicles, 533, 840 
Ovarian ligament, 877 
Ovarian medulla, 877 
Ovarian neoplasms, 890 
Ovarian tumors, 890 
Ovaries, 871, 879f, 880f 
formation of, 840-41 
hormone secretion by, 533 
position and structure of, 877 
problems with, 890-91 
Ovulation, 878-80, 880f, 882-83 
Ovum, 901f 
development of, 880f 
Oxidation, 78 
B-Oxidation, 818 
Oxidative deamination, 820f, 
820-21 
Oxidative phosphorylation, 85, 85f 
Oxidized, definition of, 78 
Oxidizing agent, 78 
Oxygen, 22 
in blood, normal range for, 17¢ 
as final electron acceptor, 85 
function of, 85 
partial pressure of 
calculation of, 700-701 
effect of alutude on, 701t 
Oxygen-carrying capacity, of whole 
blood, 708 
Oxygen debt, 271 
Oxygen electrode, 701, 702f 
Oxygen saturation, in whole blood, 
laboratory testing of, 942 
Oxygen toxicity, 721 
Oxygen transport 
and 2,3-diphosphoglycene acid, 
710-11 
and pH, 710, 710¢ 
and temperature, 710 
Oxygen utilization, 684 
Oxyhemoglobin, 707 
Oxyhemoglobin dissociation curve, 
709 
Oxyhemoglobin saturation, 709f 
and partial pressure of oxygen, 
70% 
Oxytocin, 520-21, 888, 920-21 


P 


Pacemaker 
artificial, 574 
ectopic, 575, 577, 604 


Pacemaker activity, 275 
Pacemaker porenual, 575, 575f 
Pace-setrer potentials, 784, 784f 
Pacini, Filippo, 468 
Pacinian corpuscle, 467, 468 
Paget, James, 173 
Paget's disease, 87¢, 173 
Pain 
acute, 469 
chronic, 469 
Pain receptors, 469 
Palatal rugae, 771 
Palate, 771 
Palatine hone, 189, 189f 
Palatine process, of maxilla, 188 
Palatine tonsils, 686, 771 
Palm, 15 
Palmar aponcurosis, 303 
Palmar interosse: muscles, 305, 
3071 
Palmanis, definition of, 304 
Palmaris longus muscle, 302, 303, 
304t 
Palmar ligament, 241 
Palmar surface, 15 
Palpation, 11 
Palpebral conjunctiva, 490 
Palpebral fissure, 489 
Pancreas, 16f, 530-32, 532/f, 766, 
794-96, 795f 
autonomic effects on, 455¢ 
he rly of, 795 
cancer of, 795 
definition of, 794 
head of, 795 
tail of, 795 
Pancreatic amylase, 796, 797f 
Pancreatic buds, 804 
Pancreatic duct, 781, 794f 
Pancreatic islets, 531-32, 532f, 
794, 795f 
disorders of, 544 
energy regulation by, 823-27 
Pancreatic juice, 795-96 
enzymes contained in, 795¢ 
regulation of, 803 
Pancreatic lipase, 798, 799f 
Pancreatic trypsin inhibitor, 796 
Pancreatic vein, 600f 
Pancreatitis, &7t 
acute, 796 
Panhypopituitarism, 542 
Papanicolaou, George N., 890 
Papanicolaou smear, 890 
Papilla, definition of, 142 
Papillac, 474, 476f 
definition of, 474, 771 
Papillary muscles, 569 
Papilloma, definition of, 156 
Pap smear, 890 
Papule, definition of, 156 
Para-aminohippunc acid (PAH), 
7 learance of, 745, 746s 
Paracrine, regulation of blood flow, 
625-26 


Paracrine regulation, 540t, 540-42 


Paradoxical cold, 466 


Index 


Parafollicular cells, 528 
Parallel muscles, 281, 283/ 
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Paralysis, definition ot, 322, 410 
Paramesonephnic ducts, 859, 889 
Paranasal sinuses, 179, LS4f, 685 
Paranoia, 410 
Paraplegia, detinition of, 410 
Parasternal intercostal muscles, 
697 
Parasympathetie autonomic 
neurons, 347 
Parasympathetic division, 447, 
451-52, 452 
versus sympathetic division, 
4541 
Parasympatheue nerves 
adrenergic and cholinergic 
effects of, 458t 
regulation of blood flow, 625 
Parasympatholytic drugs. 462 
Parasympathomimeue drugs, 462 
Parathyroid glands, 530, 531f 
disorders of, 544 
Parathyroid hormone (PTH), 171, 
530, 531f 
effect on bone physiology, 17 1¢ 
secretion of, 172 
Paraventncular nuclet, of 
hypothalamus, 521 
Paravertebral ganglia, 448, 448 
Parietal, definition of, 12t 
Panetal hone, 184 
Panetal cells, 777 
Partetal lobe, 3841, 384-85 
Partetal pericardium, 116-17, 566 
Parietal peritoneum, 16f, 117, 
117s, 767 
Parietal pleura, 116, 691 
Parkinson, James, 365 
Parkinson's disease, 352, 364, 
365-66 
Parorid, definition of, 774 
Paroud duet, 774 
Parotid gland, 774 
Pars distalis, 519 
Pars intermedia, 319 
Pars nervosa, 319 
Pars tuberalis, 519 
Partial fracture, 219, 219f 
Partial pressure, 700 
in alveolar air, 7O1f 
in blood, 701-2 
of carbon dioxide, in blood, 
702, 703f 
high, disorders caused by, 
720-21 
in inspired air, 7O1f 
of oxygen 
in blood, 702, 703f 
calculation of, 700-701 
effect of alutude on, 701t 
and oxyhemoglobin 
saturation, 709¢ 
Parts of Animals, 3 
Parturition, 920-22 
stages of, Q2If 
Passive unmunity, 665-66, 666r 
Passive transport, 92 
in proximal cubule, 735-36, 
737 
Pasteur, Louts, 663 
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Patella, 161, 212, 214f, 217¢ 
tractures ot, 212 
Patellar ligament, 244, 310-11 
Patellar region, 15 
Patellar surface, 212 
Patellotemoral point, 244 
Patellofemoral stress syndrome, 
233 
Patent ductus arteriosus, 605 
Patent foramen ovale, 605 
Pathoven(s) 
definition of, 651 
gastrointestinal, 803 
Pathologie fractures, 217 
Pathology, sf 
definition of, 107 
Pavlov, Ivan Petrovich, 799 
Pectineus muscle, 309, 312¢ 
Pectoral girdle 
bones of, 161, 162, 203, 209r 
muscles of, 296-97, 299¢ 
Pectoralis, definition of, 283, 300 
Pectoralis major muscle, 296, 297, 
3001 
Pectoralis minor muscle, 296, 299t 
Pectoral regions, 14 
Pedicels, 732, 732 
Pedicles, 194 
definition of, 194 
Peduncle, definition of, 393 
Pelvic brim, 212 
Pelvic cavity, 15, 15f, 16f 
Pelvic curve, 191, 194f 
Pelvic diaphragm, 292 
Pelvic foramina, 195 
Pelvic girdle, Lolt, 162, 210f 
hones of, 209-11, 217 
male versus female, 211, 212f, 
212¢ 
Pelvic inflammatory disease (PID), 
873, 892 
Pelvic inlet, 209, 212 
Pelvic outlet, 292 
muscles of, 292-93, 294f, 295t 
Pelvic region, 15 
muscles of, 308f 
Pelvimetry, 209 
Pelvis, 209 
arteries of, 589-90, 592f 
floor of, 292 
problems with, 211 
sex-related differences in, 211, 
212f, 212¢ 
Penicillin, renal clearance of, 745 
Penis, 856-57, 857f 
autonomic effects on, 455t 
hody of, 856 
bulb of, 856 
crus of, 856 
development of, 859 
erection of, 857-58 
root uf, 856 
shate of, 856 
Pennate, detinition of, 281 
Pennate muscles, 281, 283 
Pepsin, 73, 778, 779f 
Peptic ulcer(s), 779 
perforated, S7t 
Pepude bond, 36, 36f 


Perception, 465 
Perceptive deatness, 507 
Percussion, 11-12 
Percutaneous needle biopsy, 134 
Perforating canal, 167 
Perforating fibers, 166 
Perforins, 667 
Persarteritus, 677 
Pericardial artery, 559 
Pericardial cavity, 15, 16f, 117, 
566 
Pericardial fluid, 566 
Pericardial membranes, 116-17 
Pericardial sac, 566 
Pericarditis, 566 
Perichondrium, 126, 248 
Periderm, definition of, 148 
Pertkaryon, detinition of, 133, 345 
Pernilymph, 478, 485/ 
Perimetrium, 874 
Perimysium, 257 
definition of, 255 
Perineum, 15, 845, 876 
Periodontal disease, 225, 773 
Periodontal membrane, 773 
Periosteal bone collar, 168 
Pertosteal bud. 168 
Penosteal layer, 396 
Periosteum, 166 
definition of, 166 
Penpheral chemoreceptors, 703, 
704, 706 
Peripheral nerves, 41 6f 
Peripheral nervous system, 345, 
415-44, 416f 
definition of, 345¢ 
development of, 442, 442f 
Peristalsis, 776, 776f 
definition of, 766 
Peristaltie movements, 787 
Perstaltic waves, 274 
Peritoneal cavity, L6f, 117, 767 
Peritoneal membranes, 117, 767, 
Tosf 
Peritoneum, 767 
Permtonitis, 767 
Peritubular capillaries, 730 
Permanent teeth, 773 
erupuion of, 772 
Permissive etfects, of hormones, 
518-19 
Pernicious anemia, 87t, 103, 552 
Peroneal artery, 591 
Peroneus brevis muscle, 315, 318¢ 
tendon of, 321f, 322f 
Peroneus longus muscle, 315, 318¢ 
Peroneus tertius, definition of, 318 
Peroneus tertius muscle, 315, 318¢, 
322 
Peroxisomes, structure and 
function of, 43¢ 
Perpendicular plate, of ethmoid 
hone, 187 
Pes, bones of, 216 
Pes planus, 216 
PET. See Positron emission 
tomography 
Petit mal epilepsy, definition of, 
411 


Petrous, definition of, 185 
Petrous part, of temporal bone, 185 
Peyer, Johann K., 650, 781 
Peyer's patches, 650, 751 
pH, 26 - 
effect on enzyme activity, 72f, 
72-73 
opumum, 72, 73f 
scale, 27¢ 
in whole blood, laboratory 
testing of, 942 
Phagocytic cells, 652t 
Phagocytosis, 45/, 651-53, 653 
definition of, 44-45 
Phalanges, 208, 209r, 216, 217¢ 
definition of, 208 
Phallus, $59, 889 
Phantom limb, 469 
Pharmacology, 5f 
Pharyngeal pouches, 7 
Pharyngeal tonsils, 656 
Pharyngopalatine arch, 771 
Pharynx, 685-86, 766, 770f, 
774-75 
definition of, 685, 770 
Phaste receptors, 466, 467f 
Phenotype, 923 
Phenylalanine, metabolic pathway 
of, 87-88, 88f 
Phenylephrine, 457 
Phenylketonuria (PRU), 87-88 
definition of, 929 
Phenylpyruvic acid, in urine, 
laboratory testing of, 943 
Pheochromocytomas, 343 
Pheromones, 526 
Phimosis, definition of, 857 
Phlebiis, 608 
Phlegmatic, detinition of, 2 
Phobia, 410 
Phosphatases, 70 
acid, in serum, laboratory 
testing of, 942 
alkaline, in serum, laboratory 
testing of, 942 
Phosphocreatine, 271 
production and utilization of, 
271f 
Phosphodiesterase, 536 
Phospholipase A, 798 
Phospholipids, 33-34 
in cell membrane, 42-43, 44f 
in serum, laboratory testing of, 
942 
Phosphorus, in serum, laboratory 
testing ot, 942 
Photoreceptor cells, of eyeball, 
498 
Photoreceptors, 465 
Photosynthesis, 76f, 76 
Phototherapy, 806 
Phrenic nerve, 428 
Phylogeny, 7 
Phylum Chordata, 7, Se 
Phystograph recorder, 257, 258f 
Physiological dead space, 
detinition ot, 700¢ 
Phystological paundice of newborn, 
806 
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Physiology 
definition of, 2 
history of, 2-6 
subdivisions of, 5f, 5-6 
systemic approach to, 10 
Pia mater, definition of, 396 
Pigmented layer, 496 
PIH. See Prolactin-inhibiting 
hormone (PIH) 
Piles, 786 
Pineal, definition of, 391 
Pineal gland, 391, 532-33 
regulation of reproduction, 
844-45 
Pinkeye, 508 
Pinna, 482 
Pinocytosis, definition of, 45 
Piriformis muscle, 309 
Pisitorm, definition of, 208 
Pisiform bone, 208 
Pitch, 482 
Pitch discrimination, 486 
Pituicytes, 519 
Pituitary, definition of, 392, 519 
Pituitary-adrenal axis, stimulation 
of, 527, 527f 
Pituitary cachexia, 542 
Pituitary dwartism, 542 
Pituitary gland, 392, 392f, 519-26 
development of, 525, 525f 
disorders of, 542-43 
regulation of reproduction, 
8427, 842-43 
structure of, 519 
Pituitary hormones, 519-21 
Pituitary-ovarian axis, 880-81 
Pituitary secretion, higher brain 
control of, 524-26 
Pivot joints, 229, 230f, 232 
PKU. See Phenylketonuria (PKU) 
Placenta, 909f, YL 1-12 
blood circulation in, ILL 
definition of, 911 
endocrine functions of, 912-13 
exchanye of molecules across, 
911-12 
hormone secretion by, 534, 
912¢ 
Placental stage, of labor, 921f, 922 
Placenta previa, 926 
Planes of reference, 10-12 
Plane suture, 224 
Plantar arch, 591 
Plantar flexion, 232, 233f, 236f, 
237f 
Plantaris muscle, 316-17, 318¢ 
Plantar retlex, 440¢, 441f 
Plantar surtace, 15 
Plasma, 551-52 
normal values for, 552¢ 
oxygen content of, 707f 
pH of, 551-52 
volume of, 551 
Plasma cells, 553, 656 
Plasmalemma. See Cell membrane 
Plasma lipoproteins, 606-8 
Plasma membrane. See Cell 
membrane 
Plasma proteins, production of, 793 


Plasmin, 560 
Plasminogen, 560 
Plateau phase, 575 
Platelet count, in whole blood, 
laboratory testing of, 942 
Platelet-derived growth factor, 541 
Plarelet plug, 559 
Platelet release reaction, 558 
Platelets, 153, 552, 553-54, 554f, 
555 
function of, 558-59 
Plato, 3 
Platysma muscle, 285t 
Pleura(e), 116, 691-92 
definition of, 691 
Pleural cavity, 15, 16f, 116, 691 
Pleural membranes, 691f 
Pleurisy, 16, 692, 720 
Plexus(es), 416f 
Auerbach's, 769 
brachial, 428-32, 429f 
branches of, 430f 
cervical, 428, 428f 
branches of, 429t 
choroid, 391, 399 
lumbar, 432, 433f 
branches of, 433f 
lumbosacral, 434 
Meissner's, 769 
myenteric, 769 
sacral, 434-36, 435f 
submucosal, 769 
superior mesenteric, 780 
Plica, definition of, 782 
Plicae circulares, 782 
Pneumocystis carinii pneumonia, 
669 
Pneumonia, 720 
Pneumotaxic area, 393, 393f 
Pneumoraxic center, 703 
Pneumothorax, 694, 694f, 718-19 
definition of, 700¢ 
PNS. See Peripheral nervous 
system 
Podocytes, 732, 732f 
Potseuille, Jean, 623 
Porseuille’s law, 623 
Poison, and gastrointestinal tract, 
803 
Polar body, 877, 899 
Polar molecules, 23 
Polhomyelitus, 412 
definition of, 322 
Pollicis, definition of, 304 
Polyclonal antibodies, 666 
Polycystic kidney disease, 731 
Polycystic ovarian syndrome, 891 
Polycythemia, 554, 708 
Polydactyly, 216, 217f 
definition of, 216 
Polymers, 765 
Polymorphonuclear neutrophils 
(PMN), 553 
Polypeptide, 36, 37f 
formation of, 56-58 
Polypeptide hormones, 514, 516t, 
534 
mechanism of action, 536-38 


Polypeptide neurotransmitters, 
366-67 
Polyribosome, 55, 55f 
Polysaccharide, 30 
Polysynaptic reflex arc, 438 
Polyuria, 758 
Pons 
definition of, 393 
sagittal section of, 395f 
Popliteal artery, 591 
Pophteal bursa, 245 
Popliteal fossa, 15, 245, 317 
muscles surrounding, 320f 
Popliteal nodes, 650 
Pophiteal region, 319f 
Popliteal vein, 597 
Popliteus, definition of, 318 
Popliteus muscle, 317, 318¢ 
Porta, of liver, 789 
Portal system, 595 
Positive feedback, 18, 524 
in menstrual cycle, 882 
Positive feedback loop, 353, 354f 
Positive inotropic effect, 614 
Positron emission tomography, 
377, 377f 
Postabsorptive state, 823 
Postcentral gyrus, 384 
Posterior, definition of, 12¢ 
Posterior auricular arteries, 585 
Posterior body cavity, 15, 15f 
Posterior cerebral arteries, 585 
Posterior chamber, of eye, 492, 
494, 494f 
Posterior communicating arteries, 
585 
Posterior cord, 429 
Posterior cruciate ligament, 245 
Posterior crural muscles, 315-17, 
317f, 319f-320f 
Posterior crural region, 15 
Posterior division 
of brachial plexus, 429 
of lumbar plexus, 432 
Posterior fontanel, 192, 193f 
Posterior funiculi, of spinal cord, 
403 
Posterior gluteal line, 211 
Posterior horns, of spinal cord, 403, 
408 
Posterior humeral circumflex 
artery, 587 
Posterior interior thac spine, 209 
Posterior intercostal artery, 589 
Posterior interventricular artery, 
571 
Postertor marginal artery, 571 
Posterior median sulcus, 402 
Posterior pituitary, 520, 521f 
Postertor ramus, of spinal nerve, 
428 
Posterior root, of spinal nerve, 427 
Posterior sacral foramina, 198 
Posterior superior thac spine, 209 
Posterior surface, of stomach, 777 
Posterior talofibular ligament, 245 
Posterior Ubtal artery, 591 
Posterior tibial vein, 597 
Posterior tubercle, 196 


Posterolateral fontanel, 192, 193f 
Postganglionie neuron, 447 
Postsynapuc inhibition, 369, 370f 
Postural hypotension, 635 
Postural muscles, 272 
Potassium 
relationship to sodium and 
hydrogen, 750, 751f 
secretion of, and aldosterone, 
747f, 747-45 
in serum, laboratory testing of, 
942 
Potential difference, 102 
Pott’s fractures, 214, 219 
Precursor molecules, 516 
Preeclampsia, 521 
Pre-embryonic period, 902-6 
morphogenic stages and 
principal events of, 906t 
Preganglionic neuron, 447 
Pregnancy. Sce also Prenatal 
development 
clinical considerations 
regarding, 925-28 
ectopic, 873, 890-91, 925f, 926 
multiple, 926 
tests for, 904 
tubal, 891, 926 
Prehensile, definition of, 8 
Prehormones, 516 
conversion into derivatives, 
518t 
Premolars, 188, 771 
Prenatal development 
embryonic period of, 906-16 
fetal period of, 917-20 
pre-embryonic period of, 902-6 
Pre-proinsulin, 516 
Prepuce, 856, 876 
definition of, 856 
Presbyopia, 496, 507 
Pressure difference, 622, 622 
Pressure points, 562f 
Presynaptic inhibition, 369, 370f 
Prevertebral ganglia, 449-50 
Previa, definition of, 926 
Primary active transport, 99 
Primary aldosteronism, 750 
Primary amenorrhea, 891 
Primary bronchus, 689 
Primary curves, 194 
Primary follicles, 877, S7Sf 
Primary germ layers, 109, 904-5 
derivatives of, LO9t 
Primary hypertension, 640 
Primary neoplasms, 411 
Primary oocyte, 877, 879f 
Primary ossification center, 168 
Primary response, to antugen 
exposure, 663, 663f 
Primary sensory endings, 471 
Primary sex cords, 859 
Primary spermatocyte, 850 
Primates, definition of, & 
Priming etfects, of hormones, 539 
Primitive yur, 804 
Primitive line, 913, 915f 
Pomiuve node, 913, 915 
Primordial follicles, 878, 889 
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PR interval, $77 

Probability, 923-24 

Process, 164¢ 

Proctodeum, 804 

Proerythre blasts, 555 

Profundus, definition of, 304 

Progesterone, 533, 883 

secretion of, from placenta, 

913f 

Progestin, 893 

Progestogens, 533 

Prohormones, 516 

Promsulin, 516 

Projection fibers, 387 

Prolactin, 520, 887 

Prolactin-inhibiting hormone 
(PIH), 521, 887-88 


Prolactin-releasing hormone, 888 


Prohiferating zone, 169 

Proliferative phase, of 
endometrium, 883 

Pronation, 234, 234f 

Pronator, definition of, 304 

Pronator quadratus muscle, 303, 
3041 


Pronator teres muscle, 302t, 303, 


3041 
Pronephric duct, 756 
Pronephros, 756 
Prophase, 62, 63f 
Propranolol, 457, 461 
Proprioceptors, 394, 471-73 
definition of, 465 
Prosencephalon, 377t 
development of, 379 
Prostacyclin, 558, 625 


Prostaglandins, 34, 35f, 541-42, 


677,921 


formation and action of, 541f 


regulatory functions of, 542 


Prostaglandin synthesis, inhibitors 


of, 545 

Prostate, 754-55, 855, 855f 
benign hypertrophy of, 87¢ 
cancer of, 87¢, 867 
definition of, 855 
development of, 859 
disorders of, 866-67 

Prostatectomy, 867 

Prostatic carcinoma, 867 


Prostatic hypertrophy, benign, 843, 


855, 867 

Prostatic urethra, 754, 856 
Prostatitis 

acute, 866 

chronic, 866-67 
Prosthesis, definition of, 250 
Prostigmine, 363¢ 
Protanopia, 500 
Protection 

by circulatory system, 550 

by skeleton, 162 

and skin, 143 
Protemn(s), 34-38 


in blood, normal range for, 17¢ 


body, composition of, 38¢ 
carer, 92-93 
in cell membrane, 43, 44f 


deficiency, symptoms of, 139t 


digestion and absorption of, 
796-97, 798f 

effect on growth, 833 

energy from, 86, 87/ 


interconversion with glycogen 


and tat, 821 
metabolism of, 819-22 
primary structure of, 36, 37f 
quaternary structure of, 36 
secondary structure, 36, 37f 
structural, 38 
structure of, 35-38, 38 
tertiary structure of, 36, 37f 
total, in serum, laboratory 

testing of, 942 

Protein-bound iodine (PBI), in 


serum, laboratory testing 


of, 942 
Protein carriers, 97 
Protein kinase, 359, 536 
Protein synthesis, 55-58 
Proteolytic enzymes, 903 
Prothrombin, 559 
Prothrombin time, in serum, 


laboratory testing of, 943 


Protons, 22 
Protoplasm, definition of, 8 
Protraction, 235, 235f 
Provitamin, 815 
Proximal, definition of, 12r 
Proximal convoluted tubule, 731 
transport properties of, 740f 
Pruritus, 892 
definition of, 156 
Pseudohypertrophic muscular 


dystrophy, definition of, 


929 
Pseudopod, definition of, 44 


Pseudostratitied ciliated columnar 


epithelium, 111, 113f, 
116r 

Pseudounipolar neurons, 347 
Psoas mayor muscle, 307, 3091 
Psoriasis, 670 

definition of, 156 
Psychomotor epilepsy, 411 
Psychosis, 410 
Prerygord, definition of, 286 
Prerygoid processes (plates), 186 
Prerygopalatine ganglion, 452 
PTH. See Parathyroid hormone 
Pryalin, 796 
Puberty 

changes in boys, 844t 

changes in girls, 843 

onset of, 843-44 

in girls, 872 

Pubic arch, 212 
Pubic area, 15 
Pubis, 209, 211 

hody of, 211 

definition of, 209 
Pubofemoral ligament, 241 
Pudendal cletr, 576 
Pudendal nerve block, 922 
Pulmonary, definition of, 692 
Pulmonary arteries, 569 


Pulmonary capillaries, and alveoli, 


689f, 690f 


Pulmonary circulation, 570, 624f 
Pulmonary disorders 
obstructive, 719 
restrictive, 719 
Pulmonary fibrosis, 693, 698, 
719-20 
Pulmonary function tests, 697-99 
Pulmonary ligament, 691-92 
Pulmonary semilunar valve(s), 567, 
569 
Pulmonary stenosis, 605 
Pulmonary stretch reflexes, 706 
Pulmonary trunk, 569 
Pulmonary veins, 569 
Pulmonary ventilation, 696 
mechanics of, 697f 
phases of, 290 
Pulmonic area, 574 
Pulp, 773 
Pulp cavity, 773 
Pulse pressure, 638-39 
Punnett square, 923 
Pupil, dilation and contraction of, 
492, 493f 
Pupillary reflex, 502 
Purines, 51-52, 52f 
Purkinje, Johannes E. von, 576 
Purkinje cells, 366 
Purkinje fibers, 576 
Pustule, definition of, 156 
Putamen, definition of, 388 
P wave, 577 
Pyelitus, 754, 759 
Pyelonephritis, 759 
Pylorie sphincter, 777 
Pylorus, definition of, 776-77 
Pyorrhea, definition of, 806 
Pyramidalis muscle, 332 
Pyramidal tracts, 403 
Pyramids, 394 
Pyrimidines, 51-52, 52f 
Pyuria, 758 


Q 

QRS wave, 577 

Quadrate lobe, of liver, 789 

Quadratus femoris muscle, 309 

Quadratus lumborum muscle, 293, 
2961 

Quadratus plantae muscle, 321f 

Quadriceps femoris muscle, 310, 
313¢ 

Quadriplegia, 410 

Quanta, 359 

Quickening, 248, 276, 918 

Quiet expiration, 697 

Quiet inspiration, 696 


Radial artery, 302¢, 587 

Radial collateral hyament, 241 

Radial keratotomy, 508 

Radial nerve, 430, 431 
superfictal branch of, 302¢ 

Radial notch, 205 

Radial recurrent artery, 587 

Radial tuberosity, 206 

Radial veins, 594 


Radical mastectomy, 296, 892-93 
Radiographs, 10, 10f 
Radiology, 5f 
Radius, 206, 206f, 209t 
fractures of, 203 
shaft of, 206 
Ragweed, 678, 679f 
Rami communicantes, 428 
Ramus 
definition of, 190 
of ischium, 211 
of mandible, 190 
Ranvier, Louts A., 350 
Raphe, definition of, 845 
RAS. See Reticular activating 
system 
Rathke, Martin H., 525 
Rathke's pouch, 525 
RDS. See Respiratory distress 
syndrome 
Reabsorprion 
of amino acids, 745-47 
of bicarbonate, in proximal 
tubule, 752f, 752-53 
effect on renal clearance, 744¢ 
of glucose, 745-47 
in proximal tubule, 735-37 


of salt and water, 734-42, 735f 


Reactive hyperemia, 626 
Reactive hypoglycemia, 825, 835 
Receptive fields, 470, 503 
Receptor(s), 465 

for antigens, 658 

cutaneous, 467-68, 468f 

of reflex arc, 437 
Receptor potential, 467, 467f 
Receptor proteins, 360, 518 
Recessive allele, 923 


traits determined by single, 923 


Recipient site, for skin gratt, 151 

Reciprocal inhibition, 438 

Recommended daily allowances, 
8141-815¢ 

Recording electrodes, 352, 352f 

Rectum, 16f, 785 

Rectus, definition of, 283 

Rectus abdominis, definition of, 
293 

Rectus abdominis muscle, 291, 
2931, 332 

Rectus femoris muscle, 311, 313¢ 

Rectus muscles, 285 

Rectus sheath, 332 

Recurrent laryngeal nerve, 424 

Red blood cells. See Erythrocytes 

Red bone marrow, 165 

Red-green colorblindness, 924-25 

Red muscle fibers, 272 

Red nucleus, 392 

Red pulp, 650 

Reduced, definition of, 78 

Reduced hemoglobin, 707 

Reducing agent, 78 

Reduction division, 64 

Referred pain, 469, 470f 

Reflex(es), 437-38, 440r, 440f 

abdominal, 440¢, 441f 
ankle, 440r, 441f 


autonomic, 438 
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Babinski, 403, 4400, 441f 
hiceps. 440r, 440 
brachtoradialis, 440¢, 440/ 
cremasteric, 4400 
crossed extensor, 438, 439/ 
defecation, 787 
disynaptic, 474/ 
flexor, 438, 439f 
gastrocolic, 787 
gastrotleal, 787, 803 
ileogastric, 803 
intestino-intestinal, 803 
kinds of, 438 
knee, 4400, 441f, 472, 473f 
plantar, 4400, 441f 
somatic, 438 
stretch, 438 
supinator, 4401, 440f 
triceps, 440¢ 
visceral, 438 
withdrawal, 438, 439f 
Reflex arc, 437, 437-38 
components of, 437-38 
Reflex integration, 401 
Retraction, 494, 495f, 496f 
Refractive index, 494 
Refractory, definition of, 355 
Refractory periods, 355-56, 576f 
Regeneration tube, 351 
Regional approach, to anatomy, 10 
Regions, of body, 12-15, 13f 
Regulation, by circulatory system, 
550 
Regurgitation, definition of, 806 
Relative refractory periods, 356, 
356f 
Relaxin, 921 
Renaissance, 3-4 
Renal artery, 728, 730 
Renal autoregulation, 734 
Renal biopsy, 759 
Renal capsule, 728 
Renal clearance, factors affecting, 
744 
Renal columns, 729 
Renal corpuscle, 730 
Renal cortex, 728 
Renal disease, 871 
Renal tailure 
acute, 760 
chronic, 760 
Renal fascia, 728 
Renal medulla, 725-29 
Renal pelvis, 729 
Renal plasma clearance, 742-47, 
745t 
calculations of, 744 
definition of, 744 
of para-aminohippurie acid, 
745, 746f 
of urea, 745 
Renal plasma threshold, 746-47 
Renal pyramids, 729 
Renal stone, 754 
Renal vein, 725, 730 
Renin, 621 
regulation of secretion of, 749, 
750¢ 


Renin-angiotensin-aldosterone 
system, 621, 749 
Renin-angiotensin system, 621 
Repolanzation, 353 
Reproduction, endocrine 
regulation of, 841-45 
Reproductive system, 838-45 
clinical considerations 
regarding, 863-67 
developmental abnormalities 
of, 863-64 
developmental umetable for, 
S62t 
development of, 859, 860/-862/ 
female. See Female reproductive 
system 
interactions 
with circulatory system, 644 
with digestive system, 808 
with endocrine system, 546 
with immune and lymphatic 
systems, 680 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
868 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
with urinary system, 761 
male. See Male reproductive 
system 
Reserve zone, 169 
Residual body. 48-49 
Residual volume (RV), 695 
definition of, 699¢ 
Resistance, 623, 623f 
stage of, 528 
Resistance vessels, 615 
Resorption zone, 169 
Respiration 
aerobic, 82-86 
artificial, 722 
definition of, 79, 684 
external, 79 
muscles of, 290-91, 291f, 696f 
Respiratory center(s), 395 
in brain stem, 703-4, 704f 
Respiratory control, disorders of, 
720 
Respiratory distress syndrome 
(RDS), 695 
Respiratory division, of respiratory 
system, 684, 690 
Respiratory epithelium, 111 
Respiratory system, 683-726 
anatomy of, OS4/ 
clinical considerations 
regarding, 718-21 
developmental problems of, 718 
des clopment of Peg 7 
lise ders ot, 7 19-20 
INGE PAC thos 
with curculacory system, 644 
with digestive system, 808 
with endocrine system, 546 


with immune and lymphatic 
systems, 680 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
723 
with reproductive system, 
868 
with sensory system, 510 
with skeletal system, 175 
with urimary system, 761 
prostaglandin regulation of, 542 
trauma or injury to, 718-19 
Respiratory tract, upper, 685f 
Respiratory transportation, by 
circulatory system, 550 
Resting membrane potenual, 
102-3, 352, 352f 
Rete, definition of, 848 
Rete testis, 848 
Reticular, definition of, 121 
Reticular activating system (RAS), 
395-96, 396f 
Reticular connective tissue, 124, 
125f, 127¢ 
Reticular fibers, 122 
Reticular formation, 395-96 
Reticulospinal tracts, 403 
Retina, 491, 492f, 495f, 496-502, 
497/, 498f 
central vessels of, 504 
detachment of, 508 
neural pathways from, 502/, 
502-3 
Retinaculum, definition of, 255 
Retinal cells, electrical activity of, 
499 
Retinaldehyde, 498 
Retinene, 498-99 
all-trans form of, 499, 499f 
L1-cts form of, 499, 499f 
Retinits pigmentosa, definition of, 
929 
Retraction, 235, 235f 
Retrolental fibroplasia, 721 
Retroperitoneal, definition of, 117, 
728, 767 
Reverse chloride shift, 712, 712f 
Rhabdomyosarcoma, definition of, 
322 
Rh disease, 806 
Rheumatic fever, 676 
Rheumatism, 319 
Rheumatoid, definition of, 249 
Rheumatoid arthritis, 249-50, 676 
Rheumatology, definition of, 251 
Rh factor, 557-58 
Rhodopsin, detinition of, 498 
RhoGAM, 558 
Rhombencephalon, 377¢ 
development of, 379 
Rhombordeus, detinition of, 283, 
299 
Rhomboideus mayor muscle, 299, 
332 


Rhomboideus minor muscle, 299¢ 
Rhomboideus muscle, 296 
Rhythmicity area, 393f 
Rhythmicity center, 703 
Rhythm method, 884 
Rib(s), 200 
aruculation with thoracic 
vertebra, 200f 
hody of, 200 
head of, 200 
structure of, 200f 
Rih cage, 161, 161, 198-200, 199f 
Riboflavin, 79, 198 
deficiency, symptoms of, 139¢ 
fractures of, 200 
Ribonucleic acid (RNA), 51, 52 
messenger, 54, 55t 
translation of, 57f 
precursor messenger, 54 
ribosomal, 54 
transler, 54, 56, 57f 
Ribonucleic acid polymerase, 54 
Ribonucleic acid synthesis, 53-54, 
54f, 55f 
Rihonucleotide, 52 
Ribose, 52, 53f 
Ribosomes, 55 
structure and function of, 43¢ 
Rickets, 129, 144, 144f, 173 
Right atrium, 569 
Right common carotid artery, 583 
Right gastroepiploic vein, 600f 
Right hemisphere, cerebral, 380, 
393 
Right lobe, of liver, 788 
Right lymphatic duct, 648 
Right subclavian artery, 583, 587 
Right ventricle, 569 
Rigor mortis, 134, 267, 319 
Ringer's lactate, 97 
Risorius muscle, 285¢ 
Rivinus, Augustus, 774 
Rivinus's ducts, 774 
RNA. See Ribonucleic acid (RNA) 
Rods, 498 
effect of light on, 498-99 
Rolando, Luigi, 384 
Roman era, 3 
Root canal, 773 
Root hair plexuses, 467 
Rotation, 230f, 234, 236f, 237f 
definition of, 234 
Rotator cuft, 241, 298 
Rotundum foramen, 179¢ 
Rough endoplasmic reticulum, 50, 
Sly 
function of, 58 
Round ligaments, 873-74 
Round window, 483 
Rubella, 505 
Rubrospinal tracts, 407 
Ruttini, Angelo, 469 
Rugae, of urinary bladder, 754 
Rule of nines, for burns, 151, 153 
Runner's knee, 233 
RV. See Residual volume 
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Sabin, Albert B., 665 
Saccadic eye Movements, 502 
Saccular portion, of otocyst, 488 
Saccule, 480 
Sachs, Bernard, 370, 929 
Sacral, definition of, 434 
Sacral canal, 198 
Sacral plexus, 434-36, 435 
Sacral promontory, 198 
Sacral region, 15 
Sacral tuberosity, 198 
Sacral vertebrae, 191 
Sacroiliac yoint, 198 
Sacrum, 19S/ 
detinition of, 198 
Saddle joint, 231, 231f, 232¢ 
Sagittal planes, 11 
Sagittal suture, 184, 192 
Salivary amylase, 73, 796 
Salivary glands, 766, 773-74, 774f, 
775¢ 
Salk, Jonas, 665 
Salmonella, 803 
Salpingitis, 872, 890 
Salpingography, 872 
Salpingolysis, 872 
Salpinx, 872 
Salt 
excessive intake of, 619 
reabsorption of, 734-42 
Saltatory, definition of, 357 
Saltatory conduction, 357 
Salty taste, +75-76 
Sanguine, definition of, 2 
SA node, 574 
Saphenous, definition of, 598 
Sarcolemma, 257t, 270 
Sarcomeres, 263 
Sarcoplasm, 257¢ 
Sarcoplasmic reticulum, 268 
Sartorius, definition of, 313 
Sartorius muscle, 310, 313¢ 
Satellite cells, 349 
function of, 349¢ 
Saturated fars, 32, 32f 
Saxitoxin, 3630, 371 
Scab, 154f 
Seala, definition of, 484 
Scala media, 483, 484f 
Scala tympant, 484, 484f 
Scala vesribuli, 484, 454f 
Scalenes muscle, 290 
Scaphord, definition of, 206 
Scaphoid bone, 206 
Scapula, 203, 204f, 209¢ 
definition of, 203 
Scapular notch, 203 
Scapular regions, 14 
Scar, 130 
Scar tissue, 154 
Schizophrenia, 366, 410 
Schlemm, Friedrich S., 494 
Schwann, Theodor, 348 
Schwann cells, 348 
function of, 349¢ 
Sciatic, definition of, 434 
Sciatica, 436 
Sciatic nerve, 434, 436 


Science, 6 
Scwnce New co 
Sctentific American, 6 
Screntitic method, 6 
Sclera, 491, 492 
Jetinition at, 492 
development of, 504 
Scleral venous sinus, 494, 494f 
Scoliosis, 249, 249 
definition of, 249 
Scrotal raphe, 845 
Scrotal septum, 845 
Serotum, 845 
development of, 859 
disorders ot, S67 
Seasonal attective disorder, 533 
Sebaceous gland(s). 147f, 147-48 
Seborrhea, detinition of, 156 
Sebum, definition of, 147 
Secondary active transport, 100, 
100f 
econdary amenorrhea, 891 
econdary bronchi, 689 
econdary curves, 194 
econdary endings, 471 
Secondary follicles, 877 
Secondary hypertension, 640 
Secondary neoplasms, 411 
Secondary oocyte, 877, 879f, IO1f 
Secondary response, to antigen 
exposure, 663f, 663-64 
Secondary sex characteristics, 843, 
8431, 844¢, 872 
Secondary sex organs, 871-72 
development of, 859 
Secondary spermatocytes, 850 
Second-class lever, 238, 238f 
Second-degree AV node block, 577 
Second-degree burns, 151, 152f 
Second-degree frostbite, 151 
Second-division nerve block, 190, 


9”? 
“ec 


NANH 


yi 


Second messenger(s), 536 
calcium as, 537-38, 538f, 538¢ 
cyclic adenosine 
monophosphate as, 536, 
537f, 537¢, 538f 
Second sound, 574 
Second trimester, 925 
Secretin, 800 
Secretion, 742 
in digestive tract, 766 
effect on renal clearance, 744¢ 
Secretory phase, of endometrium, 
883 
Sectioning, 134 
Sedimentation rate, Westergren, in 
whole blood, laboratory 
testing of, 943 
Segmental bronchi, 689 
Segmentation, of small intestine, 
784, 784f 
Selective coronary arteriography, 
627-28 
Selectively permeable, definition 
of, 92 
Self-antigens, 672 
Sella, 11 
Sella turcica, 186 


Selye, Hans, 527-28 
Semen, 554, 563 
analysis of, 563¢ 
emission and ejaculation of, 
S58f, 858-63 
Semicircular canals, 478, 479, 
480-82 
development of, 458 
Semiconservative, definition of, 
59-60 
Semilunar, definition of, 569 
Semimembranosus bursa, 245 
Semimembranosus muscle, 313, 
s14e 
Seminal fluid, 854 
Seminal vesicle(s), 854-55, 855f 
development of, 859 
Seminiferous tubules, 533, 840, 
845, 847f, S5If 
Semitendinosus muscle, 313, 314¢ 
Senescence atrophy, 134 
Sensation, 465 
interpretation of, 465 
Sensorineural deafness, 507 
Sensors, 17 
Sensory acuity, 470-71 
Sensory adaptation, 466 
Sensory ganglion, of spinal nerve, 
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<f 
Sensory hair cells, 479f, 479-80 
Sensory nerves, 416 
Sensory neuron(s), 346, 346f-347f, 
437 
definition of, 345¢ 
Sensory organs, 465-512 
clinical considerations 
regarding, 503-8 
diagnosis of, 503-4 
Sensory reception, by skin, 144 
Sensory receptors, 142 
characteristics of, 465-74 
classification of, by normal 
stimulus, 466r 
functional categories of, 465-66 
Sensory root, 421 
Sensory system, interactions with 
other body systems, 510 
Sensory tracts, 465 
Septal cartilage, 384 
Septal defect, 605 
Septic shock, 642 
Septum, detinition of, 845 
Septum secundum, 602 
Senes-elastic Component, 260 
Serosa, of gastrointestinal tract, 
767, 769 
Serotonin, 364, 553, 558, 823 
Serous fluid, 116 
Serous layer, of uterine tube, 872 
Serous membranes, 116, 767, 767f 
associated with heart, 566f 
Serrate suture, 224 
Serratus anterior muscle, 296, 299¢ 
Sertoh, Enrico, 845 
Sertoli cells, 840, 845, 848, 850-51 
Serum, 559 
definition of, 551 
Serum hepatitis, 803 
Sesamoid, definition of, 161 


Sesamord bones, 161, 163, 321f 
Set point, 17 
Severe combined 
immunodeficiency 
(SCID), 673 
Sex chromosomes, 64, 839, 922 
Sex determination, 839-41, 540f 
Sex hormones, effect on bone 
physiology, 171 
Sex-linked characteristics, 924 
Sex-linked inheritance, 924-25 
Sex steroids, 34, 34f, 527 
Sexually transmitted diseases 
(STDs), 865-66, 866t 
Sexual response, 391 
Shaft 
of femur, 212 
of hair, 145 
of humerus, 204 
of metatarsal bone, 216 
of penis, 856 
of radius, 206 
Sharpey, William, 166 
Sharpey’s fibers. See Perforating 
fibers 
Sheath of Schwann, 349 
Shin, 15 
Shingles, 428 
Shin splints, definition of, 322 
Shock, 641-42 
recognizing and treating victims 
of, 563 
signs of, 641¢ 
Shoes, 228 
Short bones, 164, 164f 
Short head, of biceps brachit 
muscle, 298 
Short-term memory, 390 
Shoulder, 15, 204f 
anterior view of, 330f 
dislocation of, 241 
muscles of, 297f, 298f, 300f, 
301f 
Shoulder joint, 240f, 240-41 
Stamese twins, 926 
Sickle-cell anemia, 718 
Sigmoid colon, 785 
Simmonds, Morris, 542 
Simmonds’ disease, 542 
Simple ciliated columnar 
epithelium, 111, 112f, 
Llor 
Simple columnar epithelium, 111, 
L12f, 116¢ 
Simple cuboidal epithelium, 
TIO-11, LLLf, 116¢ 
Simple epithelia, 110-11, 116¢ 
Simple fracture, 219 
Simple glands, 117 
Simple mastectomy, 892 
Simple squamous epithelium, 110, 
L10f, 116¢ 
Single covalent bond, 27, 28f 
Single-unit smooth muscles, 274 
Sinoatrial node, 574 
Sinus(es) 
of bone, 164t 
carond, 583 
coronary, 569, 571, 602 
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dural, 396 
trontal, 184 
infections of, 158 
lactiterous, 857 
maxillary, 188 
paranasal, 179, 184f, 685 
scleral venous, 494, 494f, 494, 
4947 
urogenital, 756, 859 
venous, 594 
Sinusitis, 720 
Sinusoids, 789 
Sinus venosus, 602 
Skeletal muscle(s), 131, 132f, 
132¢, 256¢, 275t, 282f 
blood flow regulation through, 
628, 628f 
blood flow to, 626-30 
development of, 276, 276f 
effect of endurance training on, 
273 
energy requirements of, 270-73 
higher motor neuron control of, 
407f 
metabolism, 271 
neural control of, drugs that 
affect, 363t 
sumulation of, 361-62 
structures and actions of, 
255-60 
Skeletal muscle fibers, 255-57, 
258f 
Skeletal muscle pump, 583 
Skeletal system, 159-77 
aging of, 174, 174f 
developmental disorders of, 173 
development of, 163, 163f 
functions of, 162 
interactions 
with circulatory system, 644 
with digestive system, 808 
with endocrine system, 546 
with immune and lymphatic 
systems, 680 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
175 
with reproductive system, 
868 
with respiratory system, 723 
with sensory system, 510 
with urinary system, 761 
nutritional and hormonal 
disorders of, 173 
organization of, 160-62 
Skeleton, 160f 
adult, classification of bones in, 
16kt 
appendicular. See Appendicular 
skeleton 
axial. See Axial skeleton 
Skin, 1397 See also Integument; 
Integumentary system 
absorption by, 144 
aging of, 155, 155f 
Hood flow to, 632-33 


coloration of, 140-41 
communication by, 145 
conditions indicating 
nutritional deficiencies 
or body dysfunctions, 
139t 
glands of, 147f, 147-49 
hydroregulation by, 143 
infectious diseases of, 150 
inflammatory conditions of, 
150, 150f 
innervation of, 142 
neoplasms of, 151 
protection by, 143 
sensory reception in, 144 
surface patterns of, 141 
synthesis by, 144 
thermoregulation by, 143-44 
vascular supply of, 142 
Skin cancer, 143, 151, 151f 
Skin grafts, 151-53 
Skull, 161, 161, 179-91 
anterior view of, 180f 
development of, 192f, 192-93, 
193f 
fractures in, 225 
frontal (coronal) section of, 
posterior view of, 183f 
inferior view of, L8If 
inferolateral view of, 182f 
lateral view of, 180f 
major foramina of, 179¢ 
midsagitral view of, IS1f 
Sleep, regulation of, 391 
Sliding filament theory of 
contraction, 263-67, 
265r, 265f 
Slow calcium channels, 575 
Slow-twitch fibers, 271-72 
Small intestine, 16f, 766, 780f, 
780-84 
absorption of fluids, 786 
enzymes of, 782-83 
hormonal secretion by, 533 
regions of, 781 
structural modifications for 
absorption, 781-82 
Small saphenous vein, 598f 
Smegma, 857 
Smooth chorion, 910 
Smooth endoplasmic reticulum, 
50, 51f 
Smooth muscles, 131, 132f, 132¢, 
256r, 274-75, 275¢, 446 
Smooth pursuit movements, 502 
Sneezing, 111 
Snellen's chart, 504 
Sodium 
in blood, normal range for, 17 
reabsorpuon of, and 
aldosterone, 747, 749f 
relauionship to potassium and 
hydrogen, 750 
in serum, laboratory testing of, 
943 
Sodium chloride, 24, 25f 
Sodium-potassium pump, 99-100, 
100f 
role of, 103, 103f 


Sole, 15 

Soleus, definition of, 318 
Soleus muscle, 316, 318¢ 
Somatesthetic area, 354 
Somatic, definition of, 467 
Somatic death, 134 


Somatic motor nerve, definition of, 


3451 
Somatic motor neurons, 347 
Somatic motor retlex, versus 
autonomic motor reflex, 
446f 


Somatic motor system, versus 


autonomic motor system, 


447¢ 
Somatic pain, 469 
Somatic retlexes, 438 
Somatic senses, 467-74 
Somatomammotropin, 534 
Somatomedins, 831 
production of, 831f 
Somatostatin, 521, 802 
Somatotropic hormone, 831 
Somatotropin, 519 
Sounds of Korotkoff, 637f, 637-38 
Sour taste, 475, 477 
Spastic paralysis, 410 
Spatial summation, 368, 368f 
Specific immune response, 651 
Specific immunity, 655 
Specific nerve energies, law of, 466 
Speculum, 889 
Spermatic cord, 332, 841, 854 
Spermatic ducts, 853-54 
Spermatids, 850 
Spermatogenesis, 849-53 
hormonal control of, 851-53, 
852f 
Spermatogonia, 845, 849-50, 850f 
definition of, 840 
Spermatozoa, 900f 
definition of, 853 
flagellum of, 853 
head of, 853 
life expectancy of, 853 
structure of, 853f, 853 
Spermiogenesis, 850, 851, 852f 
S phase, of cell cycle, 61 
Sphenoidal fontanel, 192 
Sphenoid bone, 186f, 186-87 
body of, 186 
fractures of, 187 
Sphenomandibular ligament, 239 
Sphincteral muscles, 281, 283 
Sphincter muscles, 579-81 
Sphincter of ampulla, 794, 794f 
Sphincter of Oddi, 781, 794, 294f 
Sphincter of papilla, 781 
Sphygmomanometer, detiniuon of, 
637 
Spike potentials, 355 
Spina bitida, 173, 370 
Spinal cord, 7, 398f, 401f, 401-7, 
427 
cross section of, 402f 
development of, 405, 405f 
functions of, 401 
structure of, 401-3 
Spinal cord tracts, $03 


Spinal dura mater, 396 
Spinal ganglion, of spinal nerve, 
427 
Spinalis muscle, 293 
Spinalis thoracis muscle, 2961 
Spinal meningitis, 412 
Spinal nerve(s), 402, 416f, 417f, 
427f, 427-28 
Spinal root, of accessory nerve, 424 
Spindle apparatus, 48 
Spindle fibers, 61 
Spine, L64¢ 
of tschium, 211 
of scapula, 203 
Spinosum, definition of, 140 
Spinosum foramen, 179¢ 
Spinous process, 194 
Spiral fracture, 219, 219f 
Spiral ganglion, 423 
Spiral organ, 423, 485-87, 486f 
Spirogram, 397-98, 398f 
Spirometer, 397-98, 398f 
Spirometry, definition of, 697 
Spironolactones, 758 
Splanchnic nerves, 449 
Spleen, 650, 651f 
autonomic effects on, 455r 
definition of, 650 
Splenic artery, 589 
Splenic flexure, 785 
Splenic vein, 600f 
Spondylitis, definition of, 251 
Spongy bone, 129, 165, 167 
Spongy urethra, 755, 856 
Spontaneous abortion, 908 
Spontaneous fractures, 217 
Sprain, 231, 245 
of ankle, 245 
Squamosal suture, 193 
in developing skull, 193f 
Squamous cells, definition of, 110 
Squamous part, of temporal bone, 
185 
Squamous suture, 184-85, 224 
Staining, 134 
Stapedius muscle, 483, 454f 
Stapes, 11, 191 
definition of, 191, 483 
Starling, Erest Henry, 613, 800 
Starling forces, 617 
Starvation, symptoms of, 139¢ 
Status epilepticus, 366 
STDs. See Sexually transmitted 
diseases 
Stem cells, 554 
Stenosis, detinition of, 605 
Stensen, Nicholaus, 774 
Stensen's duct, 774 
Stereocilia, 479, 479f 
Stereoisomers, 27-29 


Index 


Stereoscopic vision, 8 

Sterhty, detinition of, 864 

Sterilization, 893 

Sternal angle, 199 

Sternal extremity, of clavicle, 203 

Sternal region, 14 

Sternoclerdomastoid muscle, 290, 
332 

Sternohyoid muscle, 290 
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Stermothyroid muscle, 290 
Sternum, 198, 199-200 
body of, 199 
definition of, 199 
Steronds, 34.34, 514, 534 
biosynthetic pathways for, S17f 
mechanism of action, 534-35, 
535f 
synthesis in adrenal cortex, 
pathways for, 527 
Stimulus, 465 
Stmulus intensity, coding for, 355, 
355 
Stokes, William, 720 
Stomach, 16f, 766, 776-80, 777f 
body of, 776 
hormonal secretion by, 533 
Stomodeum, definition of, 804 
Strabismus, 508 
Strained youn, 245 
Strained muscle, 319 
Stratitied cubodal epithelium, 
114, 115f, 116 
Stratified epithelia, 113-16, 116¢ 
Stratified squamous epithelium, 
113-14, 114) 
keratinized, L16t 
nonkeratinized, 11 6t 
Stratum, definition of, 138 
Stratum hasale, 113, 138-40, 141f, 
S74 
Stratum corneum, 140, 140f, 141 
Stratum functionale, 874 
Stratum germinativum, 140 
Stratum granulosum, 140, 141f 
Stratum lucidum, 140, 141f 
Stratum papillarosum, 142 
Stratum reticularosum, 142 
Stratum spinosum, 140, 141f 
Streptococcus infections, 676 
Streptokinase, 560 
Stress 
and adrenal gland, 527f, 
27-28 
effect on immune system, 675 
Stretch reflexes, 438 
Strate cortex, 502 
Strration(s), 255, 263f 
Stre rke, 394, 4 | 2 
Sure rhe volume, 573, 612, 61 3. 634 
regulation of, 613-14 
Stroma, 122 
definition of, 122, 877 
Structural momers, 29, 29f 
Structural proteins, 38 
Strychnine, 3631, 366 
Sryes, 5CS 
Styloylossus muscles, 287, 258¢ 
Stylohyord muscle, 290 
Styloid, definition of, 185, 205 
Styloid process, 205, 206 
Stylomandibular ligament, 239 
Srylomastoid foramen, 179, 185 
Subacromial bursa, 241 
Subarachnoid space, 376, 396, 398 
Subarmospherie pressure, 693 
Subclavian veins, 594 
Subclavius muscle, 296, 299t 
Subcoracoi bursa, 241 


Subcutaneous prepatellar bursa, 
245 
Subcutaneous tissue, 143 
Subdeltoi bursa, 24] 
Subdermal implants, 893, S94f 
Sublingual ducts, 774 
Sublingual gland, 774 
Subluxation, 246 
Submandibular duet, 774 
Submandibular ganghon, 452 
Submandibular gland, 774 
Submucosa 
of gastromtestinal tract, 767—69 
of urmmary bladder, 754 
Submucosal plexus, 769 
Subphylum Vertebrata, 7, &t 
Subscapular bursa, 241 
Subscapular fossa, 203 
Subscapularts muscle, 297-98 
Substance P, 366 
Substantia nigra, 365, 392 
Substrates, concentration of, effect 
on enzyme activity, 
73-74, 74 
Sucrose, 30 
Suction hpectomy, 126 
Sudden intant death syndrome 
(SIDS), 720 
Sudoriferous, definition of, 148 
Sudoriferous glands, 148-49 
Sulcus, 164¢ 
definition of, 383 
Sulcus limitans, 408 
Sulfur, 22¢ 
Summation, 259, 361 
Superficial, definition of, 12t 
Superficial digital flexor muscle, 
3041, 304-5 
Superficial epithelium, of ovary, 
877 
Superticial fascia, 255 
Superficial fibular nerve, 436 
Supertictal temporal artery, 587 
Superior, definition of, 12¢ 
Superior angle, of scapula, 203 
Supertor articular processes, 194, 
198 
Superior articular surfaces, 196 
Superior border, of scapula, 203 
Superior cerebellar peduncles, 393 
Supertor colliculus, 502 
and eye movements, 502 
Supertor constrictor muscle, 774 
Superior gemellus muscle, 309 
Superior limb buds, 914 
Superior lobe, of lung, 691, 692f 
Superior mesentente ganglia, 
449-50, 451 
Superior mesenteric plexus, 750 
Supenor mesenteric vein, 600f 
Superior nasal conchae, 655 
of ethmoid bone, 1s7 
Superior nuchal line, 156 
Superior oblique muscle, 285, 2871, 
421,491 
Supentor orbital fissure, 1791, 186 
Superior phrenic artery, 559 
Supenor ramus, of pubis, 211 
Superior rectus muscle, 285, 2871, 


421, 491 


Superior thyroid artery, 585 
Superior trunk, of brachial plexus, 
429 
Superior vena cava, 569, 592, 594, 
597 
Supination, 234, 234f 
muscles tor, 303 
Supinator, definition of, 304 
Supinator muscle, 303, 304t 
Supinator reflex, 440¢, 440f 
Support, by skeleton, 162 
Suppressor T lymphocytes, 668/, 
665-69 
Suprachtasmatic nucleus, 532 
Suprahyord muscles, 288-90 
Supraopue nucle, of 
hypothalamus, 521 
Supraorbital foramen, 179¢, 184 
Supraorbital margin, 184 
Suprapatellar bursa, 245 
Suprarenal glands, 526 
Supraspinatus muscle, 297-98, 
300t 
Supraspinous fossa, 203 
Surtace-active agent, 694 
Surface anatomy, 5f 
of back, 325f 
of facial region, 324f 
Surface tension, 26, 694 
Surfactant, 34, 694-95 
production of, 695 
Surgical neck, of humerus, 204 
Suspensory ligament, 494, 877, 887 
Sustentacular cells, 840, 845, 848, 
850-51 
Sutural bones, 161, 186 
Sutures, 224-25, 225f, 232r 
detinition of, 224 
Swayback, 249 
Sweat glands, 148-49 
Sweet taste, $75, 477 
Sylvius de la Boe, Franciscus, 384 
Symbtosis, definition of, 50 
Sympathetic autonomic neurons, 
347 
Sympathetic chain ganglia, 448, 
445/-449f 
Sympatherie division, 447, 448-50, 
4521 
versus parasympathetic 
division, 454 
Sympathetic ganglia, 448 
Sympathetic nerves 
adrenergic and cholinergic 
effects of, 458¢ 
effects on glomerular filtration 
rate, 734, 734f 
regulation of blood flaw, 
624-25 
Sympathetic ophthalmia, 676 
Sympathetic trunk ganglion, 428 
Sympathoudrenal system, 450 
Sympatholyte drags, 461 
sympathomimetic drugs, 461 
Symphysts, 226, 226f, 2321 
definition of, 226 
Sympliysis pubis, 209, 211, 212 
Synapse(s), V58f, I58-60 
chemical, 359, 359-60 
electrical, 359 


Synaptic cleft, 359 

Synapuc inhibition, 369 

Synaptic integration, 3658-69 

Synaptic plasticity, 366-67 

Synapue transmission, by 
acetylcholine, 360f, 
360-63 

Synaptic vesicles, 359 

Synarthroses, 224 


definition of, 226 
Syncytial, definition of 276 
Syncytial myotubules, 276 
Syncytiotrophoblasts, 903, 9O4f 
Syndactyly, 216-17, 217f 
definition of, 216 
Syndesmoses, 225, 225f, 232¢ 
detinition of, 225 
Synergistic, definition of, 281 
Synergistic effects, of hormones, 
518 
Synergistic muscles, 281, 282f 
Synostosis, 225 
definition of, 226 
Synovial fluid, 227, 231 
Synovial younts, 224, 227-31, 232 
development of, 248, 248f 
kinds of, 228-31 
movement at, 231-38, 237f 
structure of, 227-28, 228f 
Synovial membrane, 248 
Synovits, 245 
definition of, 251 
Synovium, 227 
Synthesis, by skin, 144 
Synthetases, 70 
Syphihy, 412, 865-66 
Syringomyelia, 412 
System, definition of, 9 
Systemic approach, to anatomy 
and phystology, 10 
Systemic circulation, 570-71, 624f 
Systemic effect, of burns, 151 
Systemic lupus erythematosus 
(SLE), 677 
System level, 9-10 
Systems phystology, 5f 
Systole, definition of, 573 


T 


Ty. See Truodothyronine 
T4. See Tetratodothyronine 
Tabes dorsalis, 412 
Tachycardia, definition of, 603 
Tactile cells, 138 
Taemiae col, 786 
Tagamet, 780 
Tail 

of epididymis, 854 

of pancreas, 795 
Talipes, 217, 217f 

definition of, 217 
Talocrural point, 245, 246 
Talus, 216 

Jetinition of, 216 
Tarye toe Ils, 534 
Target organ, 19 
Tarsal, definition of, 490 
Tarsal bone, 217¢ 


Downloaded from Durr-e-Danish Library 


Tarsal glands, 490 
Tarsal plates, 490 
Tarsometatarsal yoints, 216 
Tarsus, 216 
definition of, 216 
Taste, 474-77 
Taste buds, 474, 476f, 771 
Taste pore, 474 
Taste receptors, $74 
Taxon, 7 
Taxonomic scheme, 7-8 
Tay, Warren, 370, 929 
Tay-Sachs disease, 65, 370-71, 910 
definition of, 929 
TCA cyele, 83 
T cells. See T lymphocytes 
Tectal system, 502 
Tectorial membrane, 486 
Teeth, 766, 771-73 
Telencephalon, development of, 
379 
Telophase, 62, 63f 
Temperature, 812 
effect on enzyme activity, 72, 
72 
regulation of, 391 
Temporal bone, 184-85, 185f 
Temporalis, definition of, 283 
Temporalis muscle, 285, 286t 
Temporal lobe, 3841, 385 
Temporal summation, 368 
Temporomandibular joint, 185, 
238-40, 239f 
dislocation of, 240 
Temporomandibular joint 
syndrome (TMJ), 240 
Tendinous inscriprions, 291 
Tendo calcaneus, 316 
Tendon, definition of, 122 
Tendonitis, 246 
Tendon of Achilles, 316 
Tendon sheath, 228, 229f 
Tennis elbow, 204-5, 241 
Tensor fasciae latae muscle, 309¢, 
309 
Tensor tympani muscle, 483 
Tenth cranial nerves, 452 
Tentorium cerebelli, 385, 393 
Teratology, definition of, 928 
Terbutaline, $57, 719 
Teres, definition of, 301 
Teres mayor muscle, 297-98 
Teres minor muscle, 297-98 
Terminal boutons, 359 
Terminal bronchioles, 659 
Terminal ganglia, 451 
Tertiary bronchi, 689 
Testes, 447f 
descent of, S41 
disorders of, 867 
formation af, 840-41 
functions of, endocrine, 845-49 
hormonal interactions with, 
849, 849f 
hormone secretion by, 533 
structure of, 845-48 
Testis-determining factor, 840 
Testosterone, 533, 840 
acuon of, 848-49 


conversion into 
dihydrotestosterone, 
841, S41f 
secretion of, by testes, 848-49 
Tetanus, 259 
Tetany, 171, 259 
Tetratodothyronine, 516, 529 
Tetralogy of Fallot, 605, 606f 
Tetrodotoxin, 363¢, 371 
Thalamus, 390-91 
definition of, 390 
Thalassemia, definition of, 718 
Thalidomide, 218 
Theea, definition of, 878 
Theca interna, 878 
Thenar eminence, 305 
Thenar muscles, 307¢ 
Theophylline, 536 
Theory, 6 
Thermodynamics 
definition of, 75 
laws of, 75-76 
Thermoreceptors, 465, 468-69 
Thermoregulation, 632 
by skin, 143f, 143-44 
Theta waves, 386f, 387 
Thick myofilaments, 263 
Thick segment, of ascending limb, 
737 
transport in, 737f, 740f 
Thigh, 15 
anterior view of, 335f 
bones of, 211-12 
muscles of, 305-10, 308f, 309r, 
310f-313f, 311f, 312c 
that move leg, 310-13, 
313c, 314¢ 
posterior view of, 335f 
transverse section of, 314f 
Thin myofilaments, 263 
Thin segment, of ascending limb, 
737 
transport properties of, 740f 
Third-class lever, 238, 238f 
Third-degree AV node block, 577 
Third-degree burns, 151, 152f 
Third-degree frostbite, 151 
Third-division nerve block, 190, 
422 
Third molars, 773 
Third trimester, 925 
Third ventricle, of brain, 398 
Thoracic cage, 198 
Thoracic cavity, 15, 15f, 16f, 331f, 
olf 
Thoracic curve, 191, 194f 
Thoracic duct, 648 
Thoracic nodes, 650 
Thoracic vertebrae, 191, 196f, 197 
Thoracolumbar division, 448 
Thorax, 11, 14 
antertor view of, 330f 
definition of, 14 
posterior view of, 332f 
veins of, 597, 598f 
Throat clearing, 111 
Thrombin, 559 
Thrombocytes, 131f 
definition of, 130, 553 


Thrombocytopenia, 676 
Thromboxane A), 558 
Thumb, opposable, 8 
Thymine, 52, 52/ 
Thymus, 533, 534f, 666-67 
definition of, 650 
Thymus hormones, 667 
Thyrocaleitonin, 528 
Thyrocervical trunk, 587 
Thyroglobulin, 529 
Thyrohyoid muscle, 290 
Thyroid cartilage, 687 
Thyroid follicles, 528, 529f 
Thyroid gland, 11, 528-30, 529f 
definition of, 687 
disorders of, 543-44 
structure of, 528 
Thyroid hormones, 534 
deficiency, symptoms of, 139¢ 
effect on bone phystology, 171t 
mechanism of action, 534-35, 
535f 
production and secretion of, 
529-30, 530f 
Thyroid-stimulating hormone 
(TSH), 520, 530 
Thyrotropin, 520 
Thyrotropin-releasing hormone 
(TRH), 521 
Thyroxine, 516, 518f, 529 
and cell respiration, 829-30 
in growth and development, 
830 
regulation of metabolism, 
829-30 
in serum, laboratory testing of, 
943 
Thyroxine-binding globulin 
(TBG), 535 
Tibia, 213-14, 214f, 217¢ 
definition of, 213 
Tibialis antersor muscle, 315, 318 
tendon of, 322f 
Tibualis posterior muscle, 317, 318¢ 
tendon of, 321f 
Tibial nerve, 436, 436f 
Tibial tuberosity, 214 
Tibtofemoral joint, 244f, 244-45 
Tidal volume (TV), 698 
definition of, 699t 
Tinea pedis, definition of, 155 
Tine test, 678 
Tinnitus, 482 
definition of, 506 
Tissue(s) 
analysis of, 134 
areolar, 122, 127¢ 
bone. See Bone ussue 
cartilage, 126-27, 129r 
changes in composition, 
133-34 
classification of, 107 
connective. See Connective 
tissue 
cortical, 650 
definition of, 9, 107 
development of, 108, LO8f 
epithelial. See Epithelial tissue 
erectile, 856 


fluid exchange with capillaries, 
616-18, 617f 
granulation, 154 
induced, 914 
inductor, 914 
lymphoid, 554 
muscle, 130-31, 132¢. See 
Muscle tissue 
myeloid, 554 
nervous, 131-33, 133f. See 
Nervous tissue 
aging of, 377-80 
scar, 154 
transplantation of, 134 
Tissue fluid, 616 
Tissue level, 9 
Tissue plasininogen activator 
(TPA), 560 
Tissue-rejection reaction, 134 
Tissue thromboplastin, 559 
TLC. See Total lung capacity 
T lymphocyte receptor proteins, 
670 
T lymphocytes, 533, 656t, 656 
functions of, 666-73 
interactions with macrophages, 
670-72, 670f-673f 
TM). See Temporomandibular 
joint syndrome 
Toes, leg muscles that move, 
313-17, 318¢ 
Tolerance, 66, 672-73 
Tongue, 766, 771, 771f 
muscles of, 287, 288f, 288¢ 
Tongue-tied, 771 
Tonicity, 96-97 
Tonic receptors, 466, 467f 
Tonometer, 504 
Tonsillectomy, 651, 686 
Tonsillitis, 720 
Tonsils, 650-51, 685 
definition of, 771 
Tooth, structure of, 773f 
Torticollis, definition of, 322 
Total blood volume, 612 
Toral lung capacity (TLC), 
definition of, 699¢ 
Total minute volume, 698 
Toral peripheral resistance, 613, 
624, 634 
Total renal blood flow, 745 
Toxic goiter, 543 
Toxins, 651 
Trabeculae, 167 
Trabeculae carneae, definition of, 
569 
Trace elements, 816 
Trachea, 688f, 688-89 
histology of, 688f 
Tracheobronchitis, 720 
Tracheostomy, 689 
Tracheotomy, 689 
Trachoma, 508 
Tract, definition of, 345¢ 
Traction, 170 
Transaminases (SGOT), in serum, 
laboratory testing of, 943 


Transamination, 819-20, 820f 


Index 


Transfusion reactions, 557 


Downloaded from Durr-e-Danish, Library 


Transitional epithelium, 114-15, 
L15f, 116¢ 
Transplantation, of tissues, 134 
Transport 
active. See Active transport 
carner-mediated, 92, 97-100, 
Osf 
passive, 92 
Transport maximum, 746 
Transpulmonary pressure, 693 
Transurethral prostatic resection, 
855 
Transverse, definition of, 283 
Transverse abdominis muscle, 332 
Transverse acetabular hgament, 
242 
Transverse arch, 216, 216f 
Transverse colon, 785 
Transverse fissure, 393 
Transverse foramen, 196 
Transverse fracture, 219, 219f 
Transverse humeral retinaculum, 
241 
Transverse ligament, of knee, 245 
Transverse lines, 198 
Transverse plane, 11 
Transverse process, 194 
Transverse tubules, 268-70 
Transversus abdominis muscle, 
291, 293 
Transversus perine: muscle, 295r 
Trapezium, definition of, 208 
Trapezium bone, 208 
Trapezius, definition of, 283, 299 
Trapezius muscle, 296, 299t, 332 
Trapezoid bone, 208 
Trauma 
to cerebellum, 394 
to cerebrum, 386 
to joints, 245-49 
to respiratory system, 718-19 
to urinary organs, 759-60 


Index 


Traumatic fractures, 219 

Trench mouth, definition of, 806 

Treponema pallidum, 865 

Treppe, 259 

TRH. See Thyrotropin-releasing 
hormone (TRH) 

Triamterene, 755 

Triangle of auscultation, 332 

Triceps. definition of, 283, 302 

Triceps brachn muscle, 299, 302 

Triceps reflex, 440% 

Triceps surae muscle, 316 

Trichomonas vaginalis, 892 

Trichromatic theory of color 
vision, 500 

Trichromats, 500 

Tricuspid area, 574 

Tricuspid valve, 569 

Trigeminal, definition of, 421 

Trigeminal ganghon, 421 

Trigeminal nerve, 421-22, 422f, 
477 

Triglycerides, 32, yy 

secretion of, 793 
synthesis of, S26f 
Trigone, definition of, 754 


Trnodothyronine, 516, 518f, 529 
Trimesters, 925 
Triquetrum, definition of, 208 
Triquetrum bone, 208 
Tritanopia, 500 
Trochanter, 164¢ 
detinition of, 164 
Trochlea, 204, 285 
definition ot, 204, 491 
Trochlear, definition of, 421 
Trochlear nerve, 421, 421f 
Trochlear notch, 205 
Trophic hormones, 519, 520t 
Trophoblast, 902 
definition of, 108 
Tropomyosin, 268f, 268 
Troponin, 268f, 268 
True pelvis, 209, 212 
True ribs, 200 
True vocal cords, 687f, 688 
Truncus arteriosus, 602 
Trunk, 12 
anterolateral view of, 326f 
female, anterior view of, 337f, 
341f. 342f, 343f 
male, anterior view of, 338f, 
339f, 340f 
muscles of, 297f, 298f 
Trypsin, 73, 782, 795, 796f, 797 
Tryptophan, deficiency, symptoms 
of, 1391 
TSH. See Thyroid-stimulating 
hormone (TSH) 
T tubules, 269-70 
Tubal ligation, 890, 893 
Tubal pregnancy, 926 
Tubercle, 164¢ 
of mb, 200 
Tubercle bacilli, 667 
Tuberculosis, 720 
Tuherosity, 1642 
of calcaneus, 216 
definition of, 164 
Tubular glands, 117 
Tubular pregnancy, 891 
Tubule cells, 736f 
Tubuloacinar glands, 117 
Tumor immunology, 674-75 
Tumor-intilrrating lymphocyte 
cells, 675 
Tumor necrosis factor, 671 
Tumors. See also Cancer; 
Neoplasms 
of adrenal medulla, 543 
of central nervous system, 411 
extramedullary, 411 
intracranial, 411 
intramedullary, 411 
intraspinal, 411 
intravertebral, 411 
ovarian, 890 
Tunica, detinition of 579, 845 
Tunica albuginea, 845 
of ovary, 877 
Tunica externa, 579, J50f 
Tunica intima, 379, 580f 
Tunica media, 579, 580f 
Tunica muscularis, 856 


Tunica vaginalis, 845 
Tuning fork tests, 503 
Turgid, definition of, 857 
Turner, Henry H., 863 
Turner's syndrome, 840 
Turnover rate, 814 
TV. See Tidal volume 
T wave, 577 
Twins, 926 
Twitch, 259 
Two-point touch threshold test, 
470, 471f 
Tympanic cavity, development of, 
488 
Tympanic membrane, 482-83 
development of, 488 
perforations of, 506 
Tympanic part, of temporal bone, 
185 
Type AB blood, 557 
Type A blood, 557 
Type B blood, 557 
Type I diabetes mellitus, 544, 670, 
676 
versus type II diabetes mellitus, 
833¢ 
Type I fibers, 271-72 
Type I] diabetes mellitus, 544 
versus type | diabetes mellitus, 
833t 
Type II fibers, 271-72 
Type O blood, 557 
Tyrosinase, 140 


U 


Ulcer 
decubitus, 142, 142f, 156 
definition of, 142 
Ulna, 205, 206f, 209r 
head of, 205 
Ulnar artery, 302t, 587 
Ulnar collateral ligament, 241 
Ulnar nerve, 302¢, 431, 432f 
dorsal branch of, 302¢ 
Ulnar notch, 206 
Ulnar recurrent artery, 587 
Ulnar sulcus, 204 
Ulnar veins, 594 
Ultrasonography, 918, 919f, 
926-28, 928f 
Ultraviolet light, synthesis of 
vitamin 1D) from, 144 
Umbilical arteries, OC1f, 911, 913 
Umbilical cord, 601/, 913, 914f 
Umbilical hernia, detinition of, 
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Umbilical vein, 601f, 911, 913 
Umbilicus, 14, 332 
Unicellular glands, 117, 120¢ 
Unipennate muscles, 251, 283f 
Unipolar leads, 603, 604f 
Universal donor, 557 
Universal recipients, 557 
Unloading reaction, 708-9 
Unmyclinated axons, 349, 350/ 
conduction in, 356-57, 357f 
Unsaturated fats, 32. 32f 


Unsaturated fatty acids, deficiency, 
symptoms of, 139¢ 
Upper arm, bones of, 203-5 
Upper extremity, 12, 15, 161t, 162 
arteries of, 387-89, 559f 
blood flaw in, 589f 
hones of, 203-8, 209¢ 
veins of, 594-97, 596f 
venous return to heart, 597f 
Urachus, 754, 910 
Uracil, 52 
Urea 
in hlood, normal range for, 17¢ 
clearance of, 745 
diffusion into ascending limb, 
739, 740f 
effects of, 739-40 
in urine, laboratory testing of, 
943 
Urea clearance, in urine, 
laboratory testing of, 943 
Uremia, 759 
Ureter, 728f, 728, 753-54, 754f 
Urethra, 754-55, 755f, 856, 856f 
Urethral folds, 859, 889 
Urethral glands, 754, 85 
Urethral groove, 859, 88 
Urethral orifice, 754, 859 
Urethritis, 759 
Unic acid, 793 
in serum, laboratory testing of, 
943 
in urine, laboratory testing of, 
943 
Urinalysis, 759 
Urinary bladder, 16f, 728, 754 
autonomic effects on, 455t 
Urinary butters, 753 
Urinary disorders 
diagnosis of, 759 
symptoms of, 758-59 
Urinary system, 728-31 
clinical considerations 
regarding, 757-60 
development of, 756, 757f 
Intections of, 759 
Interactions 
with circulatory system, 644 
with digestive system, 808 
with endocrine system, 546 
with immune and lymphatic 
systems, OSO 
with integumentary system, 
157 
with muscular system, 277 
with nervous system, 372 
with other body systems, 
761 
with reproductive system, 
S68 
with respiratory system, 723 
with sensory system, 510 
with skeletal system, 175 
obstruction of, 759-60 
prostaglandin regulanion of, 542 
trauma to, 759-60 
Unnary tubules, 730 
Urine, 731 
laboratory testing of 943 
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Urobilinogen, 792 
enterohepatic circulation of, 
792 
in-urine, laboratory testing of, 
943 
Urogenital diaphragm, 292 
Urogenital membrane, 804 
Urogenital ndge, 756 
Urogenital sinus, 756, 859 
Urticaria, detinition of, 156 
Urerine arteries, 590, 874 
Urerine cavity, 873 
Uterine neoplasms, 891 
Urerine ostium, 873 
Uterine tubes, S72, 872-73 
development of, 859 
problems with, 890-91 
Uterine wall, 874 
Uterus, 872, 873f, 873-74 
abnormal bleeding trom, 890 
possible causes of, 89 Lf 
autonomic effects on, 455¢ 
blood supply of, 874, 875/ 
body of, 873 
cancer of, 890 
development of, 859 
tundus of, 873 
innervation ot, 874 
isthmus of, 873 
problems with, 891 
structure of, 873 
support of, 873-74 
Utnicle, 479, 480 
Utricular portion, of otocyst, 488 
Uvea, 492f 
definition of, 491 
Uvula, 11, 685 
definition of, 685 


Vv 


Vaccination, 665 
Vacuoles, structure and function 
of, 43¢ 
Vagina, 871-72, 874-75 
definition of, 871 
development of, 859 
diseases of, 892 
Vaginal artery, 590 
Vaginalis, definition of, 845 
Vaginal orifice, 875 
Vaginal rugae, 875, 875f 
Vaginal vestibule, 876 
Vaginitis, S92 
Vaygotomy, definition of, 806 
Vagus, detinition of, 424 
Vagus nerve(s), 424, 4257, 452, 
4534 
Vagus nucler, 395 
Valence elec trons, 22 
Vallite papillae, 474, 771 
Valsalva Antonis, 635 
Valsalva's maneuver, 635-36 
Valves, of heart, 367-70, 570f, 
570t 
Valvular auscultatory areas, 574 
Valvular insufficiency, 605 
van Leeuwenhoek, Antoni, 4 


Vancocele, definition of, 848 
Varicose veins, 583, 608 
Vasa recta, 739 
Vascular connective tissue, 130, 
13ly 
Vascular processes, 352 
Vascular resistance, and blood 
flow, 622, 622-26 
Vascular tunic, 491, 492 
Vasectomy, 864-65, 865f, 893 
definition of, 864 
Vasomotor center, 395 
Vasomotor control centers, 634 
Vasopressin, 520, 624 
Vastus intermedius muscle, 311, 
313¢ 
Vastus lateralis muscle, 311, 3138 
Vastus medialis muscle, 311, 313¢ 
Vater, Abraham, 781 
VC, See Vital capacity 
VD (Venereal disease). See 
Sexually transmitted 
diseases (STDs) 
Veins, 582-83 
of abdominal region, 598 
of head and neck, 592-94, 596f 
to heart, 585f 
of lower extremity, 597-98, 
500f 
principle, 591-600, 595f 
of thorax, 597, 598f 
of upper extremity, 394-97, 
596f 
Vein stripping, 608 
Venereal, definition of, 865 
Venereal disease (VD). See 
Sexually transmitted 
diseases (STDs) 
Venous return, 615 
factors affecung, 616f 
front head, 597f 
Venous sinuses, 594 
Venous valves, 582f, 582-83 
Ventilation, 79, 684 
and acid-base balance, 712-14 
and altitude, 715-16 
and blood pH, 704-6 
control by central nervous 
system, 705f 
during exercise, 714-15 
negative feedback control of, 
70 5f 
and partial pressure of carbon 
dioxide in blood, 704-6, 
705 
and partial pressure of oxygen 
in blood, 706 
physical aspects of, 692-95 
Ventral, definition of, bt 
Ventral root, of spinal nerve, 427 
Ventricle (brain), 376, 398-99, 
399/ 
Ventricle, detinition of, 602 
Ventricle (heart), 567 
development of, 602 
left, 569-70 
right, 569 


Ventricular fibrillation, 604-5 
Ventricular tachycardia, 604 
Verapamil, 274 
Vermilion, 770-71 
Vermis, 11, 393 
definition of, 393 
Vernix caseosa, definition of, 145, 
920 
Vertebra(e) 
body of, 194 
general structure of, 194-96 
regional characteristics of, 
196-98 
Vertebral arch, 194 
Vertebral arteries, 585, 587 
Vertebral cavity, 15f 
Vertebral column, 161, 161t, 
191-98 
curvature of, 191-94, 194f 
functions of, 194 
muscles of, 293, 295f, 296t 
problems with, 249 
regions of, 199¢ 
Vertebral curves, development of, 
194, 195/ 
Vertebral foramen, 194 
Vertebral region. 14 
Vertebrata, 7, St 
Vertes, definition of 920 
Vertex position, 920, 920f 
Vertigo, 481-82 
definition of, 506 
Very- low-density lipoproteins 
(VLDLs). 798 
Vesalius, Andreas, 4 
Vesicle. 45 
definition of, 854 
Vesicular artery, 590 
Vessel radius, 623f 
Vestibular apparatus, 478, 478f 
Vestibular bulbs, 876 
Vesubular ganglion, 423 
Vestibular glands, 876 
Vestibular membrane, 485 
Vestibular nerve, 423 
Vestibular nucler, 423 
Vestibular nystagmus, 481-82 
Vestibular organs, 423 
Vesubular window, 483 
Vestibule, development of, 859 
Vestibulocochlear, definition of, 
423 
Vestibulocochlear nerve, 423f, 
423-24, 481 
Vestibulospinal tracts, 407 
Vibrissae, 685 
Villous, detinition of, 910 
Villous chorion, 910 
Villus(1), 782, 782 
chononic, 910 
definition of, 782 
Viral infections, defense against, 
670-72, 672 
Virus, lite cye le ot, 654) 
Viscera, 15, 16f, 766 
of abdomen, 333f 
definition of, 446 


Visceral, definition of, 12t, 465 
Visceral effector organs, 447-45 
Visceral organs, 15, 16f 
Visceral pain, 469 
Visceral pericardium, 116, 566 
Visceral perstoncum, 16f, 117, 
L17f, 767 
Visceral pleura, 116, 691 
Visceral reflexes, 438 
Visceroceptors, 465-66 
Viscerocranium, definition of, 192 
Visible spectrum, 487f 
Vision 
color, 500. See also 
Colorblindness 
double. 491 
stereoscopic, 8 
Visual acuity, 500-502, 501f 
Visual cortex, 420-21 
Visual field, 494 
Visual information, processing, 503 
Visual sensitivity, 500-502, 501f 
Vital capacity (VC), 698 
detinition of, 699¢ 
Vitamin A 
deficiency, symptoms of, 139¢ 
effect on bone physiology, 171t 
Vitamin B,», deficiency, symptoms 
of, 139¢ 
Vitamin C, effect on bone 
phystology, 171 
Vitamin D, synthesis of, in skin, 
144 
Vitamins, 815-16, 816¢ 
Viuligo, definition of, 140 
Vitreous, definition of, 494 
Vitreous humor, 494 
development of, 504 
Vivisection, definition of, 3 
Vocal cords, 687 
Vocal structures, development of, 8 
Volkmann, Alfred, 167 
Volkmann's canals. See Perforating 
canal 
Voltage regulated, 353 
Vomer, 189, 384 
von Willebrand, E. A., 561 
von Willebrand factor, 558 
von Willebrand's disease, 561 
Vulva, 875-76, 876f 
definition ot, 875 
diseases of, 892 
Vulvovaginitis, 892 


Ww 


Waist-to-hip ratio, 812 
Wart, definition of, 156 
Water, 23-24, 24f, 25f 
body, distribution of, 616f 
deficiency, symptoms ot, 139r 
Properties ot, 26 
reabsorption of, 734-42 
Water balance, regulation of, 391 
Water-soluble vitamins, 815-16 
Weights, body, desirable, 81 3r 
Wemiucke, Karl, 388 
Wemicke's aphasia, 388-89 
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Wernicke's area, 388-99 
Wharton, Thomas, 121, 774,913 
Wharton's duet, 774 
Wharton's jelly, 121, 913 
Whiplash, 197, 410 
White blood cell count 
differential, in whole blood, 
laboratory testing of, 943 
total, in whole blood, 
laboratory testing of, 943 
White blood cells. See Leukocytes 
White matter, 350-51, 376, 383, 
387 
of spinal cord, 402 
White muscle fibers, 272 
White pulp, 650 
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White rami communicantes, 
448-49 

White ramus, 428 

Wisdom of the Body, The, 16 

Wisdom teeth, 773 

Withdrawal reflexes, 438, 439f 

Wolff, Kaspar Friedrich, 859 

Wolffian duct, 859 

Womb. See Uterus 

Wound healing, 153-54, 154f 

Wrist, 208f 

forearm muscles for, 299-305 
Wrist drop, 431 
Wryneck, definition of, 322 


xX 

Xiphord, definition of, 199 
Xiphoid process, 199 
Xiphos, 11 


Y 


Yellow bone marrow, 165 
Yolk sac, 910 


Zz 
Z cells, 255-57 


Zinc, deficiency, symptoms of, 139¢ 
Zollinger, Robert M., 779 
Zollinger-Ellison syndrome, 779 
Zona fasciculata, 526 

Zona glomerulosa, 526 


Zona pellucida, 899, 900f 
definition of, 878 
Zona reticularis, 526 
Zonular, definition of, 492 
Zonular fibers, 492-94 
Zygomatic, definition of, 185 
Zygamatuc arch, 185, 189 
Zygomatic bone, 189 
Zygomaticofacial foramen, 179¢, 
189 
Zygomatuic process, 185, 189 
Zygomaticus, definition of, 283 
Zyvomaticus muscle, 285¢ 
Zygomogenie cells, 777 
Zygote, LO8f 
definition of, 108, 902 
Zymogens, 795 
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